
Behavioral/Systems/Cognitive

Calcium/Calmodulin Kinase II in the Pedunculopontine
Tegmental Nucleus Modulates the Initiation and
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The pedunculopontine tegmentum nucleus (PPT) is critically involved in the regulation of wakefulness (W) and rapid eye movement (REM)
sleep, but our understanding of the mechanisms of this regulation remains incomplete. The present study was designed to determine the role of
PPT intracellular calcium/calmodulin kinase (CaMKII) signaling in the regulation of W and sleep. To achieve this aim, three different concen-
trations (0.5, 1.0, and 2.0 nmol) of the CaMKII activation inhibitor, KN-93, were microinjected bilaterally (100 nl/site) into the PPT of freely
moving rats, and the effects on W, slow-wave sleep (SWS), REM sleep, and levels of phosphorylated CaMKII (pCaMKII) expression in the PPT
were quantified. These effects, which were concentration-dependent and affected wake–sleep variables for 3 h, resulted in decreased W, due to
reductions in the number and duration of W episodes; increased SWS and REM sleep, due to increases in episode duration; and decreased levels
of pCaMKII expression in the PPT. Regression analyses revealed that PPT levels of pCaMKII were positively related with the total percentage of
timespentinW(R2�0.864;n�28rats;p�0.001)andnegativelyrelatedwiththetotalpercentageoftimespentinsleep(R2�0.863;p�0.001).
These data provide the first direct evidence that activation of intracellular CaMKII signaling in the PPT promotes W and suppresses sleep. These
findings are relevant for designing a drug that could treat excessive sleepiness by promoting alertness.

Introduction
In a growing body of literature, ranging in scope from studies on
developmental maturation to genetic models of Alzheimer’s, it is
evident that activation of pedunculopontine tegmental (PPT)
cells plays a pivotal role in the regulation of rapid eye movement
(REM) sleep and wakefulness (W) 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; Datta et al., 2009). The PPT is situated in the dorsolat-
eral tegmentum and contains both a prominent group of cholin-
ergic neurons, as well as some noncholinergic neurons which,
collectively, project widely throughout the brainstem and fore-
brain (Mesulam et al., 1983; Garcia-Rill, 1991; Thakkar et al.,
1998; Jones, 2004; Wang and Morales, 2009). The regulation of
REM sleep and W each involve important processes of
neurotransmitter-mediated excitation and inhibition of PPT
cells (Datta, 2010). For example, neuropharmacological and
physiological studies have demonstrated that glutamate activa-
tion of kainate receptors on PPT cholinergic cells induces REM

sleep, whereas glutamate activation of NMDA receptors induces
W (Datta and Siwek, 1997; Datta et al., 2001, 2002; Datta, 2002).
On the other hand, GABA activation of GABA-B receptors inhib-
its PPT cholinergic cells, which in turn suppresses both REM
sleep and W (Ulloor et al., 2004; Datta, 2007).

Coordinated regulation of intracellular signaling pathways is
essential for the receptor activation-mediated transcription and
translation processes that control the neuronal functions that
appear to underlie complex behavioral responses, including reg-
ulation of wake–sleep states (Datta, 2010). Recent studies using a
combination of pharmacological and molecular techniques have
demonstrated that activation of the cAMP-dependent protein
kinase A (cAMP-PKA) signal transduction pathway within the
PPT is involved in the induction of REM sleep (Datta and Prutz-
man, 2005; Bandyopadhya et al., 2006; Datta and Desarnaud,
2010). Although activation of PPT cells is also critical for the
induction of W, the intracellular signaling mechanisms that in-
duce W remain poorly understood. One recent study has dem-
onstrated that calcium/calmodulin kinase (CaMKII, a serine/
threonine kinase protein) activity in the PPT increases during W
(Stack et al., 2010). It is also known that activation of NMDA
receptors activates CaMKII by increasing phosphorylation (Col-
bran, 1992; Strack and Colbran, 1998; Leonard et al., 1999; Soder-
ling, 2000). Therefore, we hypothesized that the CaMKII
signaling pathway in the PPT plays a causal role in the induction
of W.

To test this hypothesis, we first determined whether applica-
tion of KN-93 (an inhibitor of CaMKII activation) into the PPT
could block W. Then, we quantified the levels of CaMKII phos-
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phorylation (pCaMKII) in the PPT of rats treated with KN-93 or
vehicle control. Application of KN-93 into the PPT suppressed
pCaMKII expression and percentage of time spent in W. This
reduction in W was compensated with an increase in both slow-
wave sleep (SWS) and REM sleep. Finally, a regression analysis
indicated that this KN-93 microinjection-induced reduction in
W was indeed predicted by the reduction in CaMKII activity.
These results provide the first direct evidence that in the PPT,
CaMKII is a critical molecular pathway for the regulation of the
wake–sleep cycle, especially W.

Materials and Methods
Subjects and housing. Experiments were performed on 28 adult male
Wistar rats (Charles River) weighing between 250 and 350 g. The rats
were housed individually at 24°C with ad libitum access to food and
water. Lights were on from 7:00 A.M. to 7:00 P.M. (light cycle) and off
from 7:00 P.M. to 7:00 A.M. (dark cycle). 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 Com-
mittee (AN-14084). Additional care was taken to ensure that any po-
tential discomfort was eliminated and the number of animals used
was minimized. To reduce additional stress that might be imposed by
experimental handling, animals underwent a period of habituation
during which they were gently handled daily for 15–20 min between
9:00 A.M. and 10:00 A.M. (beginning 1 week before surgery and
continuing up to the experimental recording sessions).

Surgical procedures for electrode and guide tube implantation. All surgi-
cal procedures were performed stereotaxically under aseptic conditions.
Animals were anesthetized with pentobarbital (40 mg/kg, i.p.; Ovation
Pharmaceuticals), placed in the stereotaxic apparatus, and secured using
blunt rodent ear bars, as described previously (Paxinos and Watson,
1997). The appropriate depth of anesthesia was judged by the absence of
palpebral reflexes and the absence of response to tail pinch. Core body
temperature was maintained at 37° � 1°C with a thermostatic heating
pad and a rectal thermistor probe. Initially, the scalp was cleaned and
painted with povidone iodine. A scalp incision was then made, the skin
was retracted, and the skull surface was cleaned in preparation for elec-
trode implantation. Upon completion of the surgical procedure, animals
were administered saline (5 cc, s.c.) to prevent dehydration, ampicillin
(50 mg/rat, i.m.; Bristol-Myers Squibb Company) to control potential
postsurgical infection, and buprenorphine (0.05 mg/kg, s.c.; Ben Venue
Laboratories) to control potential postoperative pain.

To record behavioral states of vigilance, cortical electroencephalogram
(EEG), dorsal neck muscle electromyogram (EMG), and hippocampal
EEG (theta wave) recording electrodes were chronically implanted, as
described previously (Datta, 2000, 2002; Datta et al., 2002). In addition,
stainless steel guide tubes (26-gauge) with equal length stylettes were
stereotaxically implanted bilaterally 2 mm above the PPT (in relation to
stereotaxic “0”: anterior, 1.0; lateral, 1.8; horizontal, 3.0; Paxinos and
Watson, 1997), as described previously (Datta, 2002; Datta et al., 2001,
2002). All electrodes and guide tubes were secured to the skull with dental
acrylic, and the electrodes were then crimped to mini-connector pins and
brought together in a plastic connector. Immediately after surgery, ani-
mals were placed in recovery cages and monitored for successful recovery
from anesthesia and surgery. Successful recovery was gauged by the re-
turn of normal posture, voluntary movement, and grooming.

Adaptation recording session. After a postsurgical recovery period of
3–7 d, rats were habituated to the experimenter, the sound-attenuating
recording cage (electrically shielded: 2.5 � 1.5 � 1.5 feet), and free-
moving polygraphic recording (Grass Model 15 Neurodata Amplifier
System, Astro-Med) conditions for 7–10 d. All adaptation recording ses-
sions were performed between 10:00 A.M. and 4:00 P.M., when rats are
normally sleeping. These 6 h habituation sessions were also considered to
be baseline recording sessions for electrode testing and monitoring daily
variations in wake–sleep activity. The last day of these adaptation record-
ing sessions was determined when, for 3 consecutive days, day-to-day
variation in the percentage of REM sleep was �5% of the total amount of
REM sleep. During the periods of recovery and habituation, all rats were

housed under the same 12 h light/dark cycle with free access to food and
water.

Drug and vehicle control microinjections. The drug used in this study
was a specific membrane-permeable inhibitor of CaMKII activation,
{2-[N-(2-hydroxyethyl)-N-(4-methoxybenzenesulfonyl)] amino-N-(4-
chlorocinnamyl)-N-methylbenzylamine} (KN-93; mol. wt. 501.0), pur-
chased from Calbiochem, EMD Biosciences Inc.). The KN-93 solution
was diluted in 0.9% saline at three concentrations (0.5, 1.0, and 2.0 nmol/
100 nl). Saline (0.9%, 100 nl) was used for the vehicle control microin-
jection. Control saline and drug solutions were freshly prepared under
sterile conditions immediately before each use. The selection of this drug
was based on its selective inhibitory effect on intracellular CaMKII acti-
vation (Tokumitsu et al., 1990; Ogawa et al., 2005; Seo et al., 2008; Shioda
et al., 2011). Commercially available KN-93 is suitable for microinjection
studies because it is water soluble, cell-permeable, and has reversible
effects. It has also been used successfully in past microinjection studies in
behaving animals (Pierce et al., 1998; Fleegal and Sumners, 2003; Licata
et al., 2004; Ogawa et al., 2005; Sakurai et al., 2007; Loweth et al., 2008;
Seo et al., 2008; Myskiw et al., 2010; Ota et al., 2010; Shioda et al., 2011).

Polygraphic recordings and determination of behavioral states. To record
cortical EEG, EMG, and hippocampal EEG in freely moving conditions,
each head plug was mated to a male connector connected to a commu-
tator. Signals from the commutator went to a polygraph (Grass Model 15
Neurodata Amplifier System, Astro-Med), located in the next room, via
its electrode board (located close to the recording chamber). For deter-
mining possible effects on sleep and wakefulness, polygraphic data were
captured on-line in a computer using Gamma software (Grass product
group, Astro-Med). One investigator blinded to the treatment condi-
tions scored this captured data visually using Rodent Sleep Stager soft-
ware (Grass product group, Astro-Med). Three behavioral states were
distinguished: W, SWS, and REM sleep. The physiological criteria for
the identification of these wake–sleep states are described in detail in
earlier publications (Datta et al., 2002, 2004). In this study, the be-
havioral states of W, SWS, and REM sleep were scored in successive 5 s
epochs. In this study, our visual inspection did not show any qualita-
tive differences in cortical and hippocampal EEG signs of W and sleep
stages among the 4 different treatment conditions, therefore, FFT
analysis was not warranted.

Localized microinjections of KN-93 and vehicle control into the PPT. The
microinjection system consisted of a 32-gauge stainless steel injector
cannula with a 26-gauge collar that extended 2.0 mm beyond the im-
planted guide tube. The collar was connected to a 1.0 �l motor-driven
Hamilton microsyringe with PE 20 tubing. While the animal was con-
nected to the recording system, the stylettes were removed and an injec-
tor filled with either vehicle control (100 nl volume of 0.9% saline) or one
of the three concentrations of KN-93 (0.5, 1.0, and 2.0 nmol/100 nl) was
introduced through one of the bilateral guide tubes for injection. This
procedure was then repeated in the other guide tube. One minute after
the insertion of the injector cannulae, 100 nl of control saline or one of
the three concentrations of KN-93 was bilaterally microinjected over a
60 s period (Pump II Pico Plus, Harvard Apparatus). The injector can-
nulae were gently withdrawn 2 min after the injections, and the stylettes
were reinserted into the guide tubes. During the microinjections, animals
were free to move around the cage with the cannulae in place. Each rat
received a total of two microinjections (100 nl each, one in the right and
one in the left PPT) in a single experimental recording session.

Many microinjection studies have shown that a major advantage of the
microinjection technique is its ability to stimulate a relatively circum-
scribed neuronal pool (Capece and Lydic, 1997; Datta et al., 2001, 2002).
This view is supported by the biophysical studies of drug diffusion (Nich-
olson, 1985) and distribution kinetics (Herz and Teschemacher, 1971;
Martin, 1991). Diffusion data obtained from radio-labeled drug studies
showed that 30 min after brain microinjections of 500 nl volumes, 72% of
the drug remained within a radius of 0.75 mm (Yaksh and Rudy, 1978).
In this study, the target area of the 100 nl drug solutions injected into the
PPT (approximate size: length: 1.0 mm; height: 1.0 mm; and width: 0.8
mm) was well within the diffusion limit of this small volume. Moreover,
in our recent microinjection mapping study in the PPT, it was demon-
strated that 100 nl of glutamatergic, GABAergic, and intracellular signal
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transduction activators and inhibitors, with drug concentrations similar
to those used in this experiment, were ineffective when injections were
0.5 mm away from the center of the PPT (Datta et al., 2001; Datta, 2002,
2007; Ulloor et al., 2004; Datta and Desarnaud, 2010). Additionally, us-
ing similar microinjection techniques and volumes, we demonstrated
that ibotenic acid microinjection-induced cell loss in the brainstem of
rats was limited to a maximum radius of 0.35 mm (Mavanji et al., 2004).
Since no other wake–sleep-related structure is within 1 mm of the PPT
microinjection site (Datta et al., 2009), it is highly improbable that the
microinjected KN-93 used in this study (100 nl volume and 0.5–2.0 nmol
concentrations) diffused into the neighboring wake–sleep areas in the
brainstem. Therefore, we are confident that the significant pharmacolog-
ical effects observed after microinjection of KN-93 occurred only within
the PPT.

There is one major limitation of this study relating to the diversity in
the neurochemical and functional nature of the neuronal population
affected by the drug application. KN-93 was microinjected into an area of
the PPT that is comprised primarily of cholinergic cells (Mesulam et al.,
1983; Jones and Beaudet, 1987; Rye et al., 1987; Vincent and Reiner, 1987;
Datta et al., 2009). However, the PPT also contains some noncholinergic
cells (Kosaka et al., 1988; Clements and Grant, 1990; Ford et al., 1995; Liu
et al., 1995; Wang and Morales, 2009), so it is possible that they were also
affected by the application of KN-93. In addition, we acknowledge that
methodological limitations precluded histological confirmation of the
microinjection sites. However, it is unlikely that the observed PPT mi-
croinjection effects in this study were influenced by diffusion into neigh-
boring wake–sleep-related areas in the brainstem because, unlike in the
PPT, in the neighboring brainstem area of the medial pontine reticular
formation the levels of pCaMKII expression increase with increased sleep
and decrease with increased W (Stack et al., 2010).

Experimental design. On the day after the last adaptation recording
session, when day-to-day variation in the total amount of REM sleep had
stabilized, experimental recording sessions began, during which each
animal was connected to the polygraphic recording system at 9:55 A.M.
The 28 rats were randomly divided into four groups. Group 1 (n � 7
rats): Animals received bilateral microinjections of vehicle control (0.9%
saline, 100 nl in the right and 100 nl in the left PPT) at 10:00 A.M. while
being recorded for a 6 h session (between 10:00 A.M. and 4:00 P.M.) of
undisturbed wake–sleep activity (hereafter, Group 1 is labeled as vehicle
control). The experimental protocol for Group 2 (n � 7 rats) was almost
identical to that of vehicle control, except that Group 2 animals were
microinjected with a 0.5 nmol (in a volume of 100 nl) concentration of
KN-93. The experimental protocol for Group 3 (n � 7 rats) was also
nearly identical to that of vehicle control, except that Group 3 animals
were microinjected with a 1.0 nmol concentration of KN-93. The exper-
imental protocol for Group 4 (n � 7 rats) was likewise similar to that of
vehicle control, except that Group 4 animals were microinjected with a
2.0 nmol concentration of KN-93. Postinjection wake–sleep values of the
drug-treated groups were then compared with those of the vehicle
control-treated group to examine the effects of different concentrations
of KN-93 application into the PPT.

To study what effects KN-93 microinjections into the PPT had on
pCaMKII expression and to determine the relationship between the lev-
els of pCaMKII expression in the PPT and the amount of time spent in W,
these animals were subjected to a second microinjection recording ses-
sion. The second microinjection recording session began 7–10 d after the
first microinjection recording session. The grouping and experimental
procedure for both were similar, except that for the second session, after
microinjections, animals were recorded for only 3 h (between 10:00 A.M.
and 1:00 P.M.). Since the goal of this study was to identify the role of
CaMKII activity in the PPT, immediately after the end of the 3 h record-
ing session, the rats were quickly killed to quantify pCaMKII expression
in the PPT. The 3 h postinjection wake–sleep values of the drug-treated
groups were then compared with those of the vehicle-control-treated
group to examine the various concentration-dependent effects of KN-93
application into the PPT.

Tissue collection. Immediately after the end of the experimental record-
ing session (at 1:00 P.M.), rats were killed with carbon dioxide, and the
brains were quickly removed and frozen using dry ice. To minimize

possible variations due to differences in wake–sleep state at time of death,
all animals were awakened (by shaking their cages) and kept awake for 1
min before they were killed. To rule out any diurnal factors contributing
to the different levels of pCaMKII expression in the different groups, all
rats were killed at a fixed time of day, as described above. The frozen
brains were cut in the transverse plane in 300 �m thick sections with a
Vibratome (series 3000; Technical Products International). Under a dis-
secting microscope, the PPT was dissected on an ice-chilled Petri dish, as
described earlier (Ulloor and Datta, 2005; Bandyopadhya et al., 2006;
Datta et al., 2008; Datta and Desarnaud, 2010). The PPT tissue collection
region was: anteroposterior, between 7.7 mm and 8.7 mm posterior to
the bregma; medial-lateral, between 1.5 mm and 2.5 mm lateral to the
midline (Paxinos and Watson, 1997). The dissected tissues from the PPT
region, containing tissues from both the left and right sides of the brain of
each individual rat, were stored separately in prechilled microcentrifuge
tubes at �80°C until assayed.

Western blotting for the quantification of pCaMKII expression. The in-
dividual frozen PPT tissue samples were rapidly homogenized on ice
using a tissue Dounce in 500 �l of an ice-cold tissue lysate buffer con-
taining 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 �g/ml pepstatin A and 1
Mini tablet (Roche). The lysate was then centrifuged at 20,000 � g for 10
min 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 Scientific), measur-
ing the spectrophotometric signal at 562 nm with a Benchmark Plus
spectrophotometer (Bio-Rad). An appropriate volume of 4� sample
buffer was added to the homogenate, and the sample was incubated in a
95°C water bath for 5 min. Ten microgram amounts of protein were
loaded onto each lane of 10% SDS-polyacrylamide gels and resolved by
standard electrophoresis (Bio-Rad minigel apparatus, Bio-Rad). The gels
were blotted electrophoretically to polyvinylidene difluoride (PVDF)
membranes (Millipore) using a transfer tank maintained at 4°C, with
typical parameters being a 1 h transfer at a constant current of 350 mA.
PVDF membranes were blocked for 1 h at 24°C in buffer containing 10
mM PBS, pH 7.4, 0.1% Tween 20 (PBST) and supplemented with 5%
nonfat dry milk (Bio-Rad). To assess pCaMKII expression, PVDF mem-
branes were incubated overnight at 4°C in PBST containing 5% bovine
serum albumin and an anti-pCaMKII antibody (� subunit, Thr286;
clone 22B1; Millipore) at a 1:2000 dilution. Next, PVDF membranes were
incubated for 2 h at 24°C in PBST containing 5% nonfat dry milk and an
HRP-conjugated anti-rabbit secondary antibody (GE Healthcare), also
at a 1:2000 dilution. Blots were washed extensively in PBST after incuba-
tions with the primary and secondary antibodies (typically three washes,
each for 5–10 min). Variations of pCaMKII amounts due to sample
preparation and protein loading onto the electrophoresis gels were con-
trolled by subsequent assessment of �-tubulin immunoreactivity on the
same PVDF membrane. To prepare reprobing with an anti �-tubulin
mouse monoclonal antibody (clone DM1A, Millipore), blots were incu-
bated at 70°C in three changes of stripping buffer (150 mM Tris-HCl, pH
6.8, 100 mM �-mercaptoethanol and 2% SDS) with constant agitation for
a total of 1 h. The blots were then extensively washed with PBST and
blocked for 1 h at room temperature in PBST containing 5% nonfat dry
milk. The blots were incubated sequentially overnight at 4°C with the anti
�-tubulin antibody at a 1:1000 dilution and for 2 h at room temperature
with an HRP-conjugated anti-mouse secondary antibody (GE Health-
care) at a 1:5000 dilution. The resulting immunocomplexes were de-
tected with a chemiluminescent substrate (SuperSignal, WestDura,
Pierce). Quantification of the immunoreactive bands was performed us-
ing a Kodak Imaging Station (PerkinElmer). The net intensity of each
pCaMKII chemiluminescent signal was normalized with the net intensity
of the corresponding �-tubulin signal.

Statistical analysis. To determine the effects of intra-PPT microinjec-
tions of KN-93 on changes in wake–sleep data, the polygraphic measures
of the rats were analyzed to calculate the following dependent variables,
which were quantified for each recording session: (1) percentage of re-
cording time spent in W, SWS, and REM sleep; (2) latency to onset of the
first episode of SWS and REM sleep; (3) total number of W, SWS, and
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REM sleep episodes; and (4) mean duration of W, SWS, and REM sleep
episodes. The effects of the four different treatments (vehicle control; 0.5
nmol KN-93; 1.0 nmol KN-93; and 2.0 nmol KN-93) on the percentages
of W, SWS, and REM sleep were statistically analyzed using a two-way
ANOVA with time as a repeated measure variable (six levels correspond-
ing to six 1 h epochs following injections) and treatment as a between-
group variable (four levels corresponding to the four different treatment
groups). Following the two-way ANOVA, post hoc Bonferroni post-tests
were conducted to determine the individual levels of significant differ-
ence between the control vehicle and the three different drug concentra-
tions at six individual data points. These post hoc tests were also used to
compare the three different drug treatment protocols with each other.
The latency, number, and duration data were analyzed using a one-
factor ANOVA followed by post hoc Bonferroni’s multiple-comparison
tests. One-factor ANOVAs and post hoc tests (Bonferroni’s multiple-
comparison test) were used to compare the levels of PPT pCaMKII ex-
pression in the vehicle control, 0.5 nmol KN-93, 1.0 nmol KN-93, and 2.0
nmol KN-93 treatment groups. To assess the causal relationship between
the levels of PPT pCaMKII expression and the percentages of time spent
in W and sleep during the 3 h period of the second experimental record-
ings (between 10:00 A.M. and 1:00 P.M.), linear regression analysis was
performed between pCaMKII expression and total percentages of time
spent in W and sleep. Before individual statistical tests, group data were
subjected to normality testing, which confirmed that normality assump-
tions were met. The threshold for significance was p � 0.05. All statistical
analyses were performed using GraphPad Prism statistical software
(v5.0).

Results
Wake–sleep state effects of KN-93 microinjections into
the PPT
During the final 6 h baseline recording session (between 10:00
A.M. and 4:00 P.M., before PPT microinjections), there were no
significant differences among the four treatment groups of ani-
mals (vehicle control, 0.5 nmol KN-93, 1.0 nmol KN-93, and 2.0
nmol KN-93) in terms of total percentage of time spent in W,
SWS, and REM sleep; latency to the onset of the first episodes
of SWS and REM sleep; and total number and mean duration of
W, SWS, and REM sleep episodes. Thus, under final baseline
recording conditions, the groups were equal in terms of wake–
sleep variables. Additionally, in the vehicle control group of rats,
the first microinjection recording session was comparable to the
final baseline recording session in terms of time spent in W (final
baseline recording session vs first microinjection recording ses-
sion; 29.2 � 3.3% vs 33.17 � 2.2%), SWS (60.8 � 2.0% vs
58.01 � 2.3%), and REM sleep (10.03 � 1.6% vs 9.01 � 0.44%);
latency to the first episode of SWS (20.4 � 4.0 min vs 24.0 � 4.0
min) and REM sleep (41.5 � 4.2 min vs 46.7 � 3.23 min); num-
ber of W (154.8 � 4.2 vs 160.0 � 5.51), SWS (155.2 � 5.4 vs
152.0 � 4.54), and REM sleep episodes (27.0 � 1.2 vs 25.6 � 1.5);
and mean duration of W (79.5 � 4.0 s vs 84.9 � 3.02 s), SWS
(84.0 � 4.0 s vs 81.3 � 3.43 s), and REM sleep (87.0 � 4.0 s vs
84.9 � 3.02 s) episodes. These results suggest that, during the
first microinjection recording session, microinjection of vehi-
cle control did not significantly change normal wake–sleep
state variables.

Effects on wakefulness
The changes in W after bilateral microinjections of vehicle con-
trol and the different concentrations of KN-93 into the PPT are
summarized in Figure 1. A two-way ANOVA on the total per-
centages of W indicated a significant main effect of treatment
(F � 25.41; df � 3, 167; p � 0.001), time (F � 16.55; df � 5, 167;
p � 0.001), and a treatment � time interaction (F � 16.98; df �
15, 167; p � 0.001). The results of post hoc analysis (Bonferroni
post-test) of the total percentages of time spent in W are pre-

sented in Figure 1A. Post hoc analysis indicated that after micro-
injections of 0.5 nmol concentration of KN-93, the total
percentage of time spent in W was significantly decreased during
the first (p � 0.001) and second (p � 0.001) hours of the postin-
jection period, compared with vehicle control microinjections.
Similar post hoc comparisons revealed that, after microinjections
of 1.0 nmol and 2.0 nmol concentrations of KN-93, the total
percentage of W was significantly decreased during the first (1.0
nmol: p � 0.001; 2.0 nmol: p � 0.001), second (1.0 nmol: p �
0.001; 2.0 nmol: p � 0.001) and third hours (1.0 nmol: p � 0.001;
2.0 nmol: p � 0.001) of the postinjection period (Fig. 1A). Hav-
ing observed these changes in the total percentage of time spent in
W after microinjections of three different concentrations of
KN-93, we investigated whether this decreased W was due to
changes in the number and/or duration of W episodes. One-way
ANOVAs indicated significant changes in both the total number
(F � 9.75; df � 3, 24; p � 0.001) and mean duration (F � 10.5;
df � 3, 24; p � 0.001) of W episodes among the three different
treatment groups. Post hoc analyses (Bonferroni post-tests) indi-
cated that the number of W episodes was significantly reduced
after microinjections of 1.0 nmol (p � 0.01) and 2.0 nmol (p �
0.001) concentrations of KN-93, compared with vehicle control
microinjections (Fig. 1B). Similar post hoc analyses revealed that
the mean duration of W episodes was also decreased significantly
after microinjections of 1.0 nmol (p � 0.01) and 2.0 nmol (p �
0.001) concentrations of KN-93, compared with vehicle control
microinjections (Fig. 1C). Collectively, these results suggest that
the application of KN-93 into the PPT decreased the total amount
of time spent in W in a concentration-dependent manner, and
that this reduction of W was due to the decrease in both the
number and duration of W episodes.

Figure 1. Effects of vehicle control (saline) and three different concentrations of KN-93
microinjected bilaterally into the PPT on W. These effects were observed during the 6 h wake–
sleep recording periods that immediately followed microinjections. A, Bars represent percent-
ages (mean � SE) of time spent in W. B, Bars represent total number (mean � SE) of W
episodes. C, Bars represent duration (mean � SE) of W episodes. Asterisks indicate the levels of
statistical significance ( post hoc tests, Bonferroni post-test) of the differences relative to vehicle
control: *p � 0.05; **p � 0.01; ***p � 0.001.
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Effects on SWS
The changes in SWS after bilateral microinjections of vehicle
control and the different concentrations of KN-93 into the PPT
are summarized in Figure 2. A two-way ANOVA on the total
percentages of SWS indicated a significant main effect of treat-
ment (F � 14.49; df � 3, 167; p � 0.001), time (F � 7.27; df � 5,
167; p � 0.001), and a treatment � time interaction (F � 16.44;
df � 15, 167; p � 0.001). The results of post hoc analysis (Bonfer-
roni post-test) of the total percentages of time spent in SWS are
presented in Figure 2A. Post hoc analysis indicated that, after
microinjections of 0.5 nmol concentration of KN-93, the total
percentage of time spent in SWS was significantly increased dur-
ing the first (p � 0.001) and second (p � 0.001) hours of the
postinjection period, compared with vehicle control microinjec-
tions. Similar comparisons revealed that, after microinjections of
1.0 nmol and 2.0 nmol concentrations of KN-93, the total per-
centage of SWS was significantly increased during the first (1.0
nmol: p � 0.001; 2.0 nmol: p � 0.001), second (1.0 nmol: p �
0.001; 2.0 nmol: p � 0.001), and third hours (1.0 nmol: p � 0.001;
2.0 nmol: p � 0.001) of the postinjection period (Fig. 2A). How-
ever, one-way ANOVAs revealed no significant changes in the
SWS latencies or mean number of SWS episodes. The SWS laten-
cies were reduced after microinjections of all three concentra-
tions of KN-93, but these reductions were not statistically
significant (Bonferroni post-tests) compared with the SWS la-
tency after microinjection of vehicle control, with the exception
of the highest dose, which exhibited only minimal significance
(Fig. 2B). Similar post hoc tests (Bonferroni post-tests) also did
not show any significant differences in the numbers of SWS epi-

sodes after microinjections of 0.5 nmol, 1.0 nmol, or 2.0 nmol
concentrations of KN-93, compared with microinjections of ve-
hicle control (Fig. 2C). However, one-way ANOVA indicated
significant changes in the mean duration of SWS episodes (F �
9.86; df � 3, 24; p � 0.001) among the four different treatment
groups. Subsequent post hoc tests (Bonferroni post-tests) re-
vealed that the duration of SWS episodes was increased signifi-
cantly after microinjections of 1.0 nmol (p � 0.01) and 2.0 nmol
(p � 0.001) concentrations of KN-93, compared with vehicle
control microinjections (Fig. 2D). These results suggest that the
microinjections of KN-93 into the PPT increased the total per-
centage of time spent in SWS by increasing primarily the mean
duration of SWS episodes.

Effects on REM sleep
The changes in REM sleep after bilateral microinjections of vehi-
cle control and the different concentrations of KN-93 into the
PPT are summarized in Figure 3. A two-way ANOVA on the total
percentages of REM sleep indicated a significant main effect of
treatment (F � 28.0; df � 3, 167; p � 0.001), time (F � 153.0;
df � 5, 167; p � 0.001), and a treatment � time interaction (F �
6.97; df � 15, 167; p � 0.001). The results of post hoc analysis
(Bonferroni post-test) of the total percentages of time spent in
REM sleep are presented in Figure 3A. Post hoc analysis indicated
that, after microinjections of 0.5 nmol concentration of KN-93,
the total percentage of time spent in REM sleep was significantly
increased during the second (p � 0.001) and third (p � 0.001)
hours of the postinjection period, compared with vehicle control
microinjections. Similar comparisons revealed that after micro-

Figure 2. Effects of vehicle control (saline) and three different concentrations of KN-93
microinjected bilaterally into the PPT on SWS. These effects were observed during the 6 h
wake–sleep recording periods that immediately followed microinjections. A, Bars represent
percentages (mean � SE) of time spent in SWS. B, Bars represent latency (mean � SE) for the
appearance of the first episode of SWS. C, Bars represent total number (mean � SE) of SWS
episodes. D, Bars represent duration (mean � SE) of SWS episodes. Asterisks indicate the levels
of statistical significance ( post hoc tests, Bonferroni post-test) of the differences relative to
vehicle control: *p � 0.05; **p � 0.01; ***p � 0.001.

Figure 3. Effects of vehicle control (saline) and three different concentrations of KN-93
microinjected bilaterally into the PPT on REM sleep. These effects were observed during the 6 h
wake–sleep recording periods that immediately followed microinjections. A, Bars represent
percentages (mean�SE) of time spent in REM sleep. B, Bars represent latency (mean�SE) for
the appearance of the first episode of REM sleep. C, Bars represent total number (mean � SE) of
REM sleep episodes. D, Bars represent duration (mean � SE) of REM sleep episodes. Asterisks
indicate the levels of statistical significance ( post hoc tests, Bonferroni post-test) of the differ-
ences relative to vehicle control: *p � 0.05; **p � 0.01; ***p � 0.001.
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injections of 1.0 nmol and 2.0 nmol concentrations of KN-93, the
total percentage of REM sleep was also significantly increased
during the second (1.0 nmol: p � 0.001; 2.0 nmol: p � 0.001) and
third hours (1.0 nmol: p � 0.001; 2.0 nmol: p � 0.001) of the
postinjection period (Fig. 2A). Effects of the different concentra-
tions of KN-93 microinjections into the PPT were assessed by
measuring the latency to onset of the first episode of REM sleep,
total number of REM sleep episodes, and mean duration of REM
sleep episodes. One-way ANOVA did not reveal any significant
treatment effect on REM sleep latency. Similarly, post hoc com-
parisons (Bonferroni post-tests) did not reveal any significant
changes in the REM sleep latency after microinjections of the
three different concentrations of KN-93 compared with the REM
sleep latency after microinjection of vehicle control (Fig. 3B).
One-way ANOVA on the mean number of REM sleep episodes
also did not reveal any significant treatment effect. Like REM
sleep latency, post hoc analysis (Bonferroni post-test) did not re-
veal any significant differences in the mean number of REM sleep
episodes after microinjections of the different concentrations of
KN-93 compared with the mean number of REM sleep episodes
after microinjections of vehicle control (Fig. 3C). However, one-
way ANOVA indicated a significant treatment effect in the mean
duration of REM sleep episodes (F � 6.90; df � 3, 24; p � 0.01)
among the four different treatment groups of animals. Individual
post hoc analyses (Bonferroni post-tests) indicated that the dura-
tion of REM sleep episodes was significantly increased after mi-
croinjections of 0.5 nmol (p � 0.05), 1.0 nmol (p � 0.01), and 2.0
nmol (p � 0.001) concentrations of KN-93, compared with ve-
hicle control microinjections (Fig. 3D). These results suggest that
the microinjections of KN-93 into the PPT increased the total
percentage of time spent in REM sleep by increasing primarily the
mean duration of REM sleep episodes.

Effects of KN-93 microinjections on pCaMKII expression in
the PPT and its relationship with total percentage of time
spent in W and total sleep
To examine whether the reduction of W after microinjections of
KN-93 was caused by the reduction of CaMKII signaling activity
within the PPT, rats were subjected to a second microinjection
recording session, this time for 3 h (between 10:00 A.M. and 1:00
P.M.), as mentioned earlier. Immediately at the end of this 3 h
recording session, the PPT tissue of each animal was collected and
analyzed for the quantification of pCaMKII expression. Expres-
sion of pCaMKII in the PPT after bilateral microinjection of three
different concentrations of KN-93 is summarized in Figure 4.
One-way ANOVA on the levels of pCaMKII expression in the
PPT revealed a significant effect of treatment (F � 189.2; df � 3,
24; p � 0.001). The results of post hoc analysis (Bonferroni’s
multiple-comparison test) on the levels of pCaMKII expression
are presented in Figure 4A. The post hoc analyses revealed that the
levels of pCaMKII expression were significantly reduced after
microinjections of 0.5 nmol (13.44% reduction, p � 0.05), 1.0
nmol (65.31% reduction, p � 0.001), and 2.0 nmol (80.92%
reduction, p � 0.001) concentrations of KN-93, compared with
vehicle control microinjections. These results indicate that the
microinjections of KN-93 caused a concentration-dependent re-
duction in pCaMKII expression in the PPT. During this second
microinjection session, these animals’ wake–sleep records were
analyzed to determine whether there were concentration-specific
changes in the total percentages of time spent in W and total
sleep. One-way ANOVAs of these data indicated a significant
treatment effect on both the total percentages of time spent in W
(F � 113.0; df � 3, 24; p � 0.001) and total sleep (F � 113.9; df �

3, 24; p � 0.001). Individual post hoc analysis (Bonferroni’s
multiple-comparison test) revealed that the total percentage of W
was significantly reduced after microinjections of 0.5 nmol
(40.58% reduction; p � 0.001), 1.0 nmol (69.87% reduction; p �
0.001), and 2.0 nmol (76.55% reduction; p � 0.001) concentra-
tions of KN-93, compared with vehicle control microinjections
(Fig. 4B). On the contrary, similar post hoc analysis revealed that
total sleep was significantly increased after 0.5 nmol (32.35%
increase; p � 0.001), 1.0 nmol (55.55% increase; p � 0.001), and
2.0 nmol (60.84% increase; p � 0.001) concentrations of KN-93
microinjections (Fig. 4C).

Since the microinjections of KN-93 into the PPT decreased W
and reduced pCaMKII expression in the PPT, we expected to see
significant relationships (linear regression) between individual
animals’ levels of pCaMKII expression in the PPT and total per-
centage of time spent in W and/or total sleep. The results of this
regression analysis revealed a significant positive relationship be-
tween levels of pCaMKII expression in the PPT and total percent-
age of time spent in W (R 2 � 0.864, F � 165.2, p � 0.001; Fig. 5).
As expected, there was a negative relationship between levels of
pCaMKII expression in the PPT and percentage of time spent in
total sleep (R 2 � 0.863, F � 164.0, p � 0.001). Collectively, these
results suggest that the KN-93 microinjection-induced reduction
in W might have been caused by the reduction in pCaMKII ex-

Figure 4. Effects of vehicle control (saline) and three different concentrations of KN-93
microinjected bilaterally into the PPT on the level of pCaMKII expression in the PPT and percent-
age of time spent in W and total sleep (TS). A, Representative Western blots of pCaMKII and
�-tubulin and data from densitometric analysis of the PPT pCaMKII blots expressed as a per-
centage of vehicle control in the PPT. All analyses of pCaMKII expression are normalized against
�-tubulin. Bars represent levels of PPT pCaMKII expression (mean � SE). Note that PPT levels
of pCaMKII expression decreased in a concentration-dependent manner. B, Bars represent per-
centages of time (mean � SE) spent in W during the 3 h period after microinjections. C, Bars
represent percentages of time spent in TS (mean � SE) during the 3 h period after microinjec-
tions. Asterisks indicate the levels of statistical significance ( post hoc tests, Bonferroni post-test)
of the differences relative to vehicle control: *p � 0.05; ***p � 0.001.
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pression in the PPT. These results also suggest that the reduction
in pCaMKII expression allows for or even promotes sleep by
suppressing W.

Discussion
Understanding the role of a specific intracellular signal transduc-
tion pathway in a behaviorally active living organism creates vital,
convergent evidence that bolsters the information gleaned from
functional biochemistry and integrative physiology. In this study,
we examined the role of PPT intracellular CaMKII signaling on
the regulation of wake–sleep states. KN-93, a CaMKII activation
inhibitor, was applied in the PPT, yielding the following principal
findings: (1) total percentage of time spent in W was reduced, due
to a decrease in the number and duration of W episodes; (2) total
percentages of time spent in both SWS and REM sleep increased,
due to increases in the duration of episodes; (3) the levels of
pCaMKII expression in the PPT were reduced; (4) in individual
animals, the level of pCaMKII expression in the PPT was posi-
tively related with total percentage of time spent in W; and (5)
pCaMKII levels were negatively related with total percentage of
time spent in sleep. These results, for the first time, provide direct
evidence that the activation of intracellular CaMKII in the PPT
may be an important intracellular signaling mechanism for the
regulation of W.

Single-cell recordings and a combination of pharmacological
and physiological studies have shown that the neurotransmitter
receptor activation-mediated excitation and inhibition of PPT
cells are important processes for the regulation of both REM sleep
and W (El-Mansari et al., 1989; Steriade et al., 1990; Thakkar et
al., 1998; Datta and Siwek, 2002; Datta and MacLean, 2007).
Studies have shown that the activation of PPT kainate receptors
induces REM sleep, whereas activation of PPT NMDA receptors
is involved in the induction of W (Garcia-Rill, 1991; Garcia-Rill
et al., 1990, 2001; Datta et al., 2001, 2002; Datta, 2002). Other
studies have shown that the activity of the inhibitory neurotrans-
mitter, GABA, (via GABA-B receptors in the PPT), suppresses
both W and REM sleep (Datta et al., 2003; Ulloor et al., 2004;
Datta, 2007). At a more detailed level, it is known that the

induction of REM sleep by kainate receptor activation in the
PPT involves activation of intracellular cAMP-PKA (Datta and
Prutzman, 2005; Bandyopadhya et al., 2006; Datta and Desar-
naud, 2010). Other signaling pathways have been implicated in
other sleep–wake processes; for example, it has been suggested
that the activation of extracellular signal-regulated kinase 1 and 2
(ERK1/2) signaling in the PPT is involved in the consolidation of
sleep (Desarnaud et al., 2011). The present results further our
existing knowledge by showing, for the first time, that intra-PPT
application of the CaMKII signaling activation inhibitor, KN-93,
decreases the amount of time spent in W, and that this decrease is
caused by a reduction in both the number and duration of W
episodes; these results indicate a deficit in both the induction and
maintenance of W episodes. Given our results and the fact that
several other studies have shown that the behavioral effects of
KN-93 application in the brain are caused by the inhibition of
CaMKII activation (Ogawa et al., 2005; Choi et al., 2006; Luo et
al., 2008; Chen et al., 2009), there is a clear rationale to suggest
that the activation of CaMKII signaling in the PPT is involved in
both the initiation and maintenance of W episodes. Further cor-
roborating the wakefulness-promoting role of CaMKII signaling
within the PPT, another recent study has shown that the phos-
phorylation/activation of CaMKII in the PPT is greater during a
period with high amounts of W and lesser during a period with
high amounts of sleep (Stack et al., 2010). In the present study, we
show that local application of KN-93 into the PPT not only de-
creased W but also decreased the levels of pCaMKII expression in
the PPT. The positive relationship between the levels of pCaMKII
expression in the PPT and amount of W was quite strong, ex-
plaining 86.4% of the variance in W (R 2 � 0.864). As expected,
there was a strong negative relationship between the levels of
pCaMKII expression in the PPT and amount of total sleep. To-
gether, these results substantiate our hypothesis that activation of
CaMKII signaling in the PPT plays a major role in the expression
of W.

CaMKII is one of the major protein kinases involved in Ca 2�

signaling, and constitutes �1–2% of total brain protein mass
(Colbran, 1992; Matthews et al., 1994; Soderling, 2000; Colbran,
2004). CaMKII is activated by binding with increased amounts of
Ca 2� and calmodulin within the neuron, and can be autophos-
phorylated at threonine-286 and -287 (Malenka and Nicoll, 1999;
Soderling and Derkach, 2000; Hudmon and Schulman, 2002;
Lisman et al., 2002). In neurons, the activated CaMKII trans-
duces Ca 2� signaling into gene transcription by activating the
transcription factor CREB (Matthews et al., 1994; Corcoran and
Means, 2001). A number of studies have suggested that the
CaMKII signaling cascade in the brain plays a significant role in a
number of important physiological and behavioral responses
(Malenka and Nicoll, 1999; Kennedy, 2000; Soderling and
Derkach, 2000; Josselyn and Nguyen, 2005; Mizuno et al., 2006),
and that the activation of NMDA receptors plays a role in initi-
ating these cascades. NMDA receptor activation leads to in-
creased Ca 2� influx into the cytosol, and this influx then initiates
the cascades of intracellular signaling events involving CaMKII
(MacDermott et al., 1986; Womack et al., 1988; Lisman et al.,
2002; Colbran, 2004). It is not surprising, therefore, that an ear-
lier study showed that the activation of NMDA receptors in the
PPT increases W (Datta et al., 2001). Based on the results of
the present study and literature discussed above, we postulate the
following two steps to explain the mechanism of PPT-mediated
initiation of W. First, activation of NMDA receptors causes post-
synaptic depolarization and increases Ca 2� influx into the PPT.
Second, this greater level of cytosolic Ca 2� activates CaMKII

Figure 5. The relationship between level of pCaMKII expression in the PPT and percentage of
time spent in W after bilateral microinjections of vehicle control and three different concentra-
tions of KN-93 into the PPT. Plot of linear regression best fit (solid line) showed a statistically
significant positive slope (R 2 � 0.864; p � 0.001) between pCaMKII expression and individual
animals’ total percentage of time spent in W. These data indicate that the percentage of time
spent in W after microinjection into the PPT depends positively on the level of pCaMKII expres-
sion in the PPT.

Datta et al. • Wakefulness and CaMKII in PPT J. Neurosci., November 23, 2011 • 31(47):17007–17016 • 17013



signaling, which ultimately initiates the expression of W. These
interactions between activated NMDA receptors and the CaMKII
signaling system could explain part of the mechanism that initi-
ates the state of W. Given that one of the major functions of
activated CaMKII (pCaMKII) is to activate NMDA receptors (Ki-
tamura et al., 1993; Malenka and Nicoll, 1999; Kennedy, 2000;
Soderling and Derkach, 2000), and that continued activation of
NMDA receptors is critical for the maintenance of W, it is likely
that the increased CaMKII in the PPT is also involved in the
maintenance of W.

The present study demonstrates that intra-PPT administra-
tion of KN-93 increased SWS and REM sleep. The increase in
SWS was a product of a shorter latency and longer episode dura-
tion. The REM sleep increase was mainly caused by an increase in
episode duration. Surprisingly, these are the typical effects of
ERK1/2 signaling activation in the PPT (Desarnaud et al., 2011).
This seemingly surprising coincidence can be reconciled by the
fact that the inactivation of CaMKII signaling inactivates striatal
enriched tyrosine phosphatase (STEP) by dephosphorylating
NMDA receptors and reducing calcineurin (Paul et al., 2003).
Under normal conditions, ERK1/2 activity remains suppressed
by activated STEP (Paul et al., 2003; Venkitaramani et al., 2009).
Thus, the inactivation of STEP— due to inactivation of CaMKII
signaling— disinhibits ERK1/2 signaling. These interdependent
relationships suggest that, in the present study, inactivation of
the CaMKII signaling pathway might have increased ERK1/2
signaling in the PPT, which ultimately increased SWS and
REM sleep.

Another possible mechanistic explanation that runs parallel to
that described above, arises from a landmark study that exam-
ined the effect of modafinil on PPT neurons in the slice prep-
aration (Garcia-Rill et al., 2007). Modafinil, currently the
primary stimulant used to treat excessive sleepiness in a num-
ber of neuropsychiatric disorders, was found to increase elec-
trical coupling and decrease input resistance in many different
brain areas, including the PPT, presumably by increasing gap
junctions in the cell bodies and terminals of GABAergic cells
(Garcia-Rill et al., 2007; Urbano et al., 2007). Since it is known
that GABA decreases the activity of cholinergic cells in the PPT
and reduces W (Ulloor et al., 2004; Datta, 2007), it is likely that
decreased input resistance, which reduces GABA release,
would disinhibit PPT cholinergic cells’ activity and promote
W. Furthermore, inactivation of CaMKII was shown to block
the modafinil-associated increases in gap junctions and elec-
trical coupling, which suggests that these increases were
CaMKII-dependent (Urbano et al., 2007). Therefore, it is rea-
sonable to conclude that modafinil decreases sleepiness by
promoting W, and this involves the PPT wake-promoting
mechanism. Also, in the present study, inactivation of CaMKII
might have decreased electrical coupling and increased the
input resistance in GABAergic neurons by decreasing gap
junctions in their terminals and cell bodies, which then in-
creased GABA release in the PPT and ultimately decreased the
activity of cholinergic cells in the PPT and reduced W.

In summary, despite the methodological limitations already
acknowledged, the molecular, pharmacological, and behavioral
data of this study, for the first time, demonstrate a novel
W-promoting, sleep-suppressing role for CaMKII signaling
within PPT neurons. These novel findings are critical for our
complete understanding of the basic cellular and molecular
mechanisms of wake–sleep cycle regulation.
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activities in brain-stem cholinergic nuclei related to tonic activation pro-
cesses in thalamocortical systems. J Neurosci 10:2541–2559.

Strack S, Colbran RJ (1998) Autophosphorylation-dependent targeting of
calcium/ calmodulin-dependent protein kinase II by the NR2B subunit of
the N-methyl-D-aspartate receptor. J Biol Chem 273:20689 –20692.

Thakkar MM, Strecker RE, McCarley RW (1998) Behavioral state control
through differential serotonergic inhibition in the mesopontine cholin-
ergic nuclei: a simultaneous unit recording and microdialysis study.
J Neurosci 18:5490 –5497.

Tokumitsu H, Chijiwa T, Hagiwara M, Mizutani A, Terasawa M, Hidaka H
(1990) KN-62, 1-[N,O-bis(5-isoquinolinesulfonyl)-N-methyl-L-tyrosyl]-4-

phenylpiperazi ne, a specific inhibitor of Ca 2�/calmodulin-dependent pro-
tein kinase II. J Biol Chem 265:4315–4320.

Ulloor J, Datta S (2005) Spatio-temporal activation of cAMP response
element-binding protein, activity-regulated cytoskeletal-associated pro-
tein and brain-derived nerve growth factor: a mechanism for pontine-
wave generator activation-dependent two-way active-avoidance memory
processing in the rat. J Neurochem 95:418 – 428.

Ulloor J, Mavanji V, Saha S, Siwek DF, Datta S (2004) Spontaneous REM
sleep is modulated by the activation of the pedunculopontine tegmental
GABAB receptors in the freely moving rat. J Neurophysiol 91:1822–1831.

Urbano FJ, Leznik E, Llinás RR (2007) Modafinil enhances thalamocortical
activity by increasing neuronal electrotonic coupling. Proc Natl Acad Sci
U S A 104:12554 –12559.

Venkitaramani DV, Paul S, Zhang Y, Kurup P, Ding L, Tressler L, Allen M,
Sacca R, Picciotto MR, Lombroso PJ (2009) Knockout of striatal en-
riched protein tyrosine phosphatase in mice results in increased ERK1/2
phosphorylation. Synapse 63:69 – 81.

Vincent SR, Reiner PB (1987) The immunohistochemical localization of
choline acetyltransferase in the cat brain. Brain Res Bull 18:371– 415.

Wang HL, Morales M (2009) Pedunculopontine and laterodorsal tegmental
nuclei contain distinct populations of cholinergic, glutamatergic and
GABAergic neurons in the rat. Eur J Neurosci 29:340 –358.

Womack MD, MacDermott AB, Jessell TM (1988) Sensory transmitters reg-
ulate intracellular calcium in dorsal horn neurons. Nature 334:351–353.

Yaksh TL, Rudy TA (1978) Narcotic analgestics: CNS sites and mechanisms
of action as revealed by intracerebral injection techniques. Pain 4:299 –
359.

17016 • J. Neurosci., November 23, 2011 • 31(47):17007–17016 Datta et al. • Wakefulness and CaMKII in PPT


