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Study Objectives: Genetic manipulation of cAMP-dependent protein kinase A (PKA) in Drosophila has implicated an important role for PKA in
sleep/wake state regulation. Here, we characterize the role of this signaling pathway in the regulation of sleep using electroencephalographic
(EEG) and electromyographic (EMG) recordings in R(AB) transgenic mice that express a dominant negative form of the regulatory subunit of PKA
in neurons within cortex and hippocampus. Previous studies have revealed that these mutant mice have reduced PKA activity that results in the
impairment of hippocampus-dependent long-term memory and long-lasting forms of hippocampal synaptic plasticity.

Design: PKA assays, in situ hybridization, immunoblots, and sleep studies were performed in R(AB) transgenic mice and wild-type control mice.
Measurements and Results: We have found that R(AB) transgenic mice have reduced PKA activity within cortex and reduced Ser845 phosphory-
lation of the glutamate receptor subunit GluR1. R(AB) transgenic mice exhibit non-rapid eye movement (NREM) sleep fragmentation and increased
amounts of rapid eye movement (REM) sleep relative to wild-type mice. Further, R(AB) transgenic mice have more delta power but less sigma
power during NREM sleep relative to wild-type mice. After sleep deprivation, the amounts of NREM and REM sleep were comparable between
wild-type and R(AB) transgenic mice. However, the homeostatic rebound of sigma power in R(AB) transgenic mice was reduced.

Conclusions: Alterations in cortical synaptic receptors, impairments in sleep continuity, and alterations in sleep oscillations in R(AB) mice imply

that PKA is involved not only in synaptic plasticity and memory storage but also in the regulation of sleep/wake states.
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IDENTIFYING THE MOLECULAR MECHANISMS RE-
SPONSIBLE FOR THE INDUCTION AND MAINTENANCE
OF SLEEP IS AN IMPORTANT CLINICAL OBJECTIVE. TO
this end, it is important to understand the molecular mecha-
nisms underlying the oscillations in neural activity that ac-
company specific sleep states. Much work has focused on
defining the roles of specific neurotransmitter systems in sleep/
wake regulation'?; however, the role of intracellular signal-
ing pathways in sleep/wake regulation has been less explored.
Pharmacologic studies have implicated the cAMP/protein ki-
nase A (PKA) pathway in the regulation of wakefulness and
rapid eye movement (REM) sleep. For example, rats have
relatively higher levels of cAMP in the cortex, hippocampus,
hypothalamus, and the pons-medulla during wakefulness but
lower levels during non-rapid eye movement (NREM) sleep
and REM sleep.* Further, treatments that increase cAMP ac-
tivity (e.g., administration of the phosphodiesterase inhibitor
rolipram in rats® and mutations in Drosophila that increase
cAMP?®) promote wakefulness. Conversely, decreased cAMP
activity has been shown to increase rest in Drosophila,®’
and a mutation in CREB, a target of PKA, increases sleep
in mice.® In human sleep, the relevance of this pathway was
established by a genome-wide examination of sleep traits
showing that a single nucleotide polymorphism in the intron
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region of PDE4D, a cAMP-specific phosphodiesterase, had
the most significant association with sleepinesss.’

Genetic approaches are a valuable tool for identifying
the role of intracellular signaling pathways in sleep/wake
regulation because of their cell type and regional specific-
ity. Although transgenic mice have been used to investigate
specific signaling pathways in learning and memory, their
use in the study of sleep/wake state regulation has been
limited. R(AB) transgenic mice express a dominant nega-
tive form of the Rla regulatory subunit of PKA in neurons
within the hippocampus and other forebrain regions'® and
exhibit impairments in hippocampus-dependent long-term
memory, synaptic plasticity, and place cell stability.'>"
Here, we examine electroencephalographic (EEG) and elec-
tromyographic (EMG) recordings of transgenic R(AB) and
wild-type mice to identify the role of PKA in sleep/wake
regulation and sleep oscillations.

MATERIALS AND METHODS

Animals

R(AB) transgenic mice'® were backcrossed in the hemizy-
gous state to C57BL/6J mice for 11 to 13 generations and were
bred in our colony under standard conditions. Wild-type mice
used in these studies were littermates of R(AB) transgenic
mice. Food and water were provided ad libitum. Mice were
maintained on a 12-hour light/12-hour dark cycle with lights
on at 0700. Both female and male mice were used in a balanced
fashion, and we did not observe an effect of sex in any of our
experiments. For genotyping, tail DNA was analyzed by South-
ern blot analysis using a transgene-specific probe.'® All animal
care and experiments were carried out in accordance with the
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National Institute of Health guidelines and were fully approved
by the Institutional Animal Care and Use Committee of the
University of Pennsylvania.

Surgery

Adult mice (12-24 weeks of age, n = 10 wild-type, n =
13 R(AB) transgenic) were implanted with EEG and EMG
electrodes under isoflurane anesthesia. An electric drill was
used to thin the skull near the place of electrode implantation.
EEG electrodes were implanted 1 mm bilateral to midline and
1.3 mm posterior to bregma on each side. A reference EEG
electrode was placed 1.5 mm posterior to lambda over the
cerebellum.” Electrodes were held in place with glass iono-
mer resin (Ketac-cem, 3M, Maplewood, MN).'® Electrodes
consisted of silver ball electrodes (® = 0.33 mm) insulated
with Teflon, soldered to gold socket contacts (Plastics One,
Roanoke, VA) and pushed into a 6-pin plug (363 plug, Plas-
tics One), which was then attached to a fully rotating com-
mutator (SLC6, Plastics One).'” All recordings were analyzed
with the right parietal EEG electrode and referenced to the
cerebellum electrode. In our experience, alterations in behav-
ioral states are most evident using this electrode arrangement.
Mice were allowed 2 weeks recovery from surgery before
recording.

Data Acquisition

EEG signals were filtered at 0.3 to 60 Hz (1/2 amplitude,
6 dB/octave), and EMG signals were filtered at 1 to 100 Hz
with 12AS5 amplifiers (Astro-Med, West Warwick, RI) and
sampled at 256 Hz with 12-bit resolution (similar to Graves
et al.?). Data acquisition and visual scoring of EEG/EMG re-
cordings were performed with custom software that is avail-
able for Microsoft Windows from the authors.

Following 24 hours of baseline recording, 9 wild-type mice
and 12 R(AB) transgenic mice were sleep deprived by gentle
handling for 6 consecutive hours starting at 07:00. Sleep de-
privation by brief gentle tactile stimulation (stroking head
vibrissae and back) of the individual mouse was performed
whenever sleep was observed in the EEG/EMG.*!" Although
some brief sleep occurs during this period of deprivation,
there was no difference in the amount of sleep obtained be-
tween the groups during the sleep-deprivation period: wild-
type: 33 = 5 minutes; R(AB): 27 + 4 minutes p = 0.41). This
technique has been reported to be less stressful than other
methods of sleep deprivation.'®! The effects of sleep depri-
vation were examined in 2-hour windows and compared with
baseline data from the same time points.

Data Analysis

Behavioral states were scored in 4-second epochs during
the 24-hour baseline period, the 6-hour sleep-deprivation pe-
riod, and the 18-hour recovery period. Observers blind to ex-
perimental group and condition visually scored EEG and EMG
recordings (wakefulness, NREM sleep, REM sleep) according
to previously established criteria,®** which were similar to hu-
man criteria.”® During NREM sleep, K-complexes, spindles, and
delta activity were present along with reduced EMG tone. Dur-
ing REM sleep, there was a further reduction in EMG tone, and
theta oscillations dominated the EEG signals. Wakefulness was
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characterized by bursts of high-frequency EEG activity (30+
Hz) and EMG activity.

To measure changes in sleep microstructure, we tabulated
the amount of time spent continuously in each sleep state over
the entire baseline period and performed a survival analysis,
a robust statistical technique for examining sleep fragmenta-
tion.”* Survival analysis was performed using Statview (version
5.0.1, SAS Institute, 1999, Cary, NC).

To analyze spectral properties during various sleep/wake
states, fast Fourier transform (FFT) analysis was performed us-
ing custom software over all scored data except 1 wild-type
mouse and 1 R(AB) transgenic mouse because they displayed
evidence of electrical artifact contamination. The FFT was per-
formed with 0.25-Hz resolution (0.25-128 Hz) using a moving
window throughout the 24-hour period. Signals were calibrated
with 100-uV pulses. In addition to calculating spectral prop-
erties from absolute spectra, absolute spectra were normalized
to compensate for differences in signal strength and spectral
leakage (a property of FFTs that causes bands to spread and
blur®). A frequency-independent normalization procedure was
performed (similar to the procedure used by Borbély et al.?® that
characterized increased delta power after sleep deprivation) by
calculating the ratio of the power of an individual frequency
band within a specific state over that band’s contribution to
power over all states. Importantly, this technique differs from
spectral density normalization, which is confounded when an
increase in a single frequency range results in a compensatory
decrease in another frequency. The absolute (not normalized)
and frequency-independent normalized spectra were calculated
and plotted during wakefulness, NREM sleep, and REM for
each genotype. Analysis of variance was used to identify fre-
quency ranges that were different between genotypes.

To detect spindles in the EEG recordings during NREM
sleep, we modified an existing algorithm used for detecting
sharp waves in the hippocampus.”” The resultant algorithm is
similar to that used to detect spindles in rats.?® This algorithm
examined a continuous FFT of the EEG signal and quantified
EEG events that had a 50% minimum increase in 10- to 14-Hz
activity lasting for at least 500 milliseconds. This algorithm was
based on the definition of human spindles, which are transient
10- to 14-Hz events lasting at least 0.5 seconds.” The pres-
ence of spindles was calculated by this method during the en-
tire 24-hour baseline period during NREM sleep only followed
by visual verification. Notably, this algorithm was successful
at correctly identifying more than 90% of visually identified
spindles in all mice except for 2 wild-type mice and 3 R(AB)
transgenic mice that contained electrocardiographic and/or re-
spiratory artifacts in their recordings. In subsequent analyses,
spindle amplitude was normalized to compensate for differenc-
es in impedance by dividing the absolute power by the mean
4- to 30-Hz power for each individual mouse. It was necessary
to exclude the 1- to 4-Hz frequency range because R(AB) mice
had increased power in the 1- to 4-Hz range that would mask
sensitivity to spindle detection in the 10- to 14-Hz frequency
band. The number of spindles, mean duration of spindles, mean
maximum spindle amplitude, and mean integrated spindle am-
plitude (time X amplitude) were determined for each mouse.
Differences were compared between genotypes and examined
with analysis of variance.
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Figure 1—In situ hybridization showing expression of the R(AB) trans-
gene. A, An autoradiograph of a sagittal section near the midline. Trans-
genic mRNA expression is observed in the hippocampus (hi), cortex (cx),
and lateral septum (Is). B, A sagittal section approximately 0.6 mm lat-
eral from the midline. C, A coronal section approximately 1.2 mm behind
the bregma, showing expression in the basolateral amygdala (bla), hip-
pocampus, cortex (cx), and lateral septum (Is) but not in the thalamus or
hypothalamus. D, A coronal section 3.8 mm posterior to bregma, reveal-
ing staining in the cortex, presubiculim (prs), and caudate putamen (cp)
but not in the pontine region.
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Figure 2—Ser845 phosphorylation of GluR1 is reduced in cortex of R(AB)
mice. Representative immunoblots using cortical extracts from a wild-
type (WT) and R(AB) transgenic mouse probed for A, phospho-GluR1
(pSer845) and B, total GluR1. C and D, Quantification of immunoblots
indicated a significant decrease in pSer845 levels in R(AB) transgenic
mice compared to WT mice, whereas levels of total GluR1 were not dif-
ferent. Data are expressed as the mean ratio of pSer845 or GluR1/tubulin
+ SEM. **p < 0.001.

In Situ Hybridization

Two wild-type and 4 R(AB) transgenic mouse brains were
dissected and rapidly frozen in Tissue-Tek embedding medium
(EMS, Hatfield, PA). Twenty-micrometer sections were fixed
and hybridized, as has been previously described,'” to an [y-35S]
dATP-labeled transgene-specific oligonucleotide 5’-CAG-
GATCCGCTTGGGCTGCAGTTGGACCT-3’, that hybridizes
to sequences present in the 5’ untranslated leader within the
transgenic transcript. Slides were exposed for 25 days to Kodak
Biomax MR autoradiographic film.

PKA Assay

Cortex was dissected into ice-cold artificial cerebrospinal
fluid'® and homogenized in 200 pL of extraction buffer” (n =
8 wild-type, n = 8 R(AB) transgenic mice). The extract was
diluted to a protein concentration of 2 mg/mL* and kept at 4°C
until use. PKA activity was then assayed in duplicate as previ-
ously described.’! Upon the addition of cAMP (5 mM) and/or
PKI (40 mg/mL; Peninsula Labs), PKA activity (pmol [y-32P]
ATP-min"'mg protein) was normalized to background activity
measured without the addition of substrate.

GluR1 Phosphorylation Assay

To examine downstream effects of reduced PKA activity,
we assayed cortical extracts by Western blotting for total and
phospho-GluR1.>* Wild-type and R(AB) (4- to 6-month-old)
mice were removed from their homecage and killed by cervi-
cal dislocation between ZT hours 4 and 6 (n = 5/group). Corti-
cal tissue was rapidly dissected on ice and frozen promptly
at -80°C. Tissue was then homogenized in RIPA buffer, with
protease and phosphatase inhibitors added fresh. Homogenates
were spun at 13,000 rpm at 4°C for 20 minutes. Supernatants
were then processed by Western blot analysis for pSer845 and
total GIuR1. Total protein per microliter of supernatant was
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determined by Bradford assay, and mouse beta tubulin was
used as a loading control. GluR1 and beta tubulin antibodies
were obtained from Millipore (1:2000) and Sigma (1:50,000),
respectively.

Statistical Analysis
Analysis of variance, correlations, and posthoc tests were
performed in Statview.

RESULTS

PKA Activity Is Reduced in the Cortex of R(AB) Transgenic Mice

To begin our examination of the role of PKA in sleep/wake
regulation, we used in situ hybridization to determine the lo-
cation of the anatomic expression pattern of the R(AB) trans-
gene (Figure 1). Consistent with the expression pattern of
other CaMKlla driven transgenes, R(AB) was expressed in
the hippocampus, cortex, and amygdala but was absent in the
pons, medulla, and hypothalamus—regions known to regulate
sleep. 3 10:34

Previous studies have demonstrated reduced PKA activity
in R(AB) transgenic mice; however, these assays were per-
formed using hippocampal extracts.'® Therefore, we conduct-
ed an additional PKA activity assay to determine whether the
R(AB) transgene also decreased PKA activity in the cortex.
As expected, we found that PKA activity in cortex was sig-
nificantly reduced after cAMP stimulation (basal: wild-type:
150 + 42 pmol'min'-mg"', R(AB) transgenic mice: 100 + 29
pmol'min*'mg™; F . = 1.06, p = 0.34; cAMP stimulated:
wild-type: 3510 + 84 pmol'min''mg’', R(AB) transgenic
mice: 3240 + 69 pmol'min”-mg™; F, |, = 2.8, p < 0.05). Thus,
R(AB) transgenic mice also exhibit reduced PKA activity in
the cortex, consistent with the pattern of expression of the
transgene.
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Figure 3—Sample traces of electroencephalographic (EEG) and elec-
tromyographic (EMG) during wakefulness, non-rapid eye movement
(NREM), and rapid eye movement (REM) sleep in wild-type and R(AB)
transgenic mice. Four-second epochs are shown from a single mouse of
each genotype during each of the 3 states. Wakefulness was character-
ized by bursts of high-frequency EEG activity (30+ Hz) and high-ampli-
tude EMG activity. During NREM sleep, delta activity was present along
with reduced EMG tone. During REM sleep, there was a further reduction
in EMG tone, and theta oscillations dominated the EEG signals. REM
sleep was characterized by predominance of theta activity in the EEG
signal. Scale bar shows 2 seconds and 100 pV.
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PKA-Dependent Phosphorylation of GluR1 Is Reduced in the
Cortex of R(AB) Transgenic Mice

Phosphorylation of the GluR1 subunit of AMPA-type glu-
tamate receptors at Ser845 is known to be a PKA-dependent
process.*? Thus, to verify that reduced PKA activity also affects
the functionality of downstream targets of PKA, we examined
levels of phosphorylated GluR1 within the cortex (Figure 2).
Phosphorylation of the GluR 1 subunit of AMPA-type glutamate
receptors was reduced by 50% in R(AB) mice compared with
wild-type controls (p < 0.001). Significant differences were not
observed in the levels of total Glurl (p = 0.65) or the beta tu-
bulin loading control (p = 0.75). Thus, reduced PKA activity
within cortex of R(AB) transgenic mice also leads to a decrease
in the PKA-dependent phosphorylation of a synaptic plasticity-
related molecule without altering its expression.

R(AB) Transgenic Mice Have More REM Sleep

We examined sleep in wild-type (n = 10) and R(AB) transgen-
ic (n = 13) mice with EEG and EMG recordings. There were no
obvious differences in the signals upon visual inspection (Figure
3). Wild-type mice had amounts of NREM sleep and REM sleep
(Figure 4, left panels) comparable to that of previously published
studies of sleep in C57BL/6J mice,'”* the genetic background
on which the R(AB) transgene is maintained. However, R(AB)
mice had 19% more REM sleep than wild-type mice (wild-type
mice: 54 + 2 minutes, R(AB) transgenic mice: 64 + 3 minutes;
F ,,=6.75,p <0.05), which translates into a significant increase
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Figure 4—R(AB) transgenic mice have more rapid eye movement (REM)
sleep, increased delta power, and reduced sigma power. The left panels
show the average time spent in wakefulness, non-rapid eye movement
(NREM) sleep, and REM sleep during the baseline period. The middle
panels indicate the total power within the delta (1-4 Hz), theta (6- to
8-Hz), and sigma (10- to 14-Hz) power, as determined by a fast Fourier
transform of absolute electroencephalographic (EEG) power over a 24-
hour period within each state. R(AB) mice have significantly more delta
power than wild-type mice during NREM sleep The right column shows
normalized EEG power (see Methods for details). R(AB) mice have sig-
nificantly more delta power and less sigma power than wild-type mice
during NREM sleep. *p < 0.05. Data are expressed as the mean + SEM.
EMG refers to electromyography.

in the proportion of REM to total sleep time (wild-type mice:
8.3% + 0.5%, R(AB) transgenic mice: 10% + 0.5%; F,, = 6.0,
p < 0.05). There was no significant difference in the total time
spent in NREM sleep (wild-type mice: 601 + 27 minutes, R(AB)
transgenic mice: 578 +23 minutes; F, , =0.5,p=0.51) or in total
time spent in wakefulness (wild-type mice: 784 + 26 minutes,
R(AB) transgenic mice: 795 + 23 minutes; F , = 0.1, p=0.74).

R(AB) Transgenic Mice Have Increased Delta and Decreased
Sigma Activity During NREM Sleep

We performed a spectral analysis on recordings from each
behavioral state using a FFT over the 24-hour baseline period
to identify alterations in sleep oscillations caused by genetic
inhibition of PKA (Figures 4 and 5). To examine which fre-
quency bands were most affected, we examined the difference
in absolute EEG spectra (Figure 4, middle panels). Overall,
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Figure 5—Spectral plots indicating increased delta power and reduced
sigma power in R(AB) transgenic mice. The left panels are plots within
each state of the ratio of R(AB) to wild-type (WT) absolute electroen-
cephalographic (EEG) power expressed as a percentage. The black
shaded area represents the ratio of R(AB) and WT mice with 0.25-Hz fre-
quency resolution, thereby indicating alterations within specific frequency
regions. The height of the black shaded area includes + 1 standard error.
Because R(AB) mice have more total power across the entire spectrum,
we have included a reference band shown in grey, indicating the average
total power change across the entire spectrum to help identify specific
regions that are significantly increased. Similarly, the height of the grey
shaded area includes * 1 standard error of total mean power change.
The underlined area designates a significant increase in 2- to 5-Hz power
in R(AB) mice (p < 0.05). To compensate for difference in signal strength,
EEG signals were normalized as a function of the total power within each
frequency band and are shown in the right column of panels. R(AB) mice
had a relative increase in 2.5- to 3.75-Hz power (p < 0.05) and a relative
decrease in 8.75- to 10.75-Hz power (p < 0.05).

R(AB) transgenic mice had more delta, theta, and sigma power
than wild-type mice within their EEG signals (Figure 4), but
only delta power during NREM sleep was significantly higher
compared with wild-type mice in the analysis of absolute EEG
spectra (p < 0.05). To compensate for differences produced by
alterations in signal strength and spectral leakage,” frequency-
independent normalization was applied (Figures 4 and 5, right
panels). EEG spectra were normalized within individual bands
to determine the relative contribution of each state toward the
power associated with each spectral region. Normalization also
demonstrated that R(AB) mice have increased delta (1- to 4-Hz)
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Figure 6—R(AB) transgenic mice have fragmented non-rapid eye move-
ment (NREM) sleep. A: Examples of sleep fragmentation during the light
period. Integrated electromyography (EMG) power for each epoch in a
wild-type (WT) mouse and an R(AB) transgenic mouse during the light
period. Beneath the integrated EMG records are the state hypnograms
The increased NREM sleep-wake and wake-NREM sleep transitions in
R(AB) transgenic mice can be observed by the increased frequency of
EMG events and transitions in the hypnogram in R(AB) transgenic mice.
B: The cumulative probability of maintenance of each state was deter-
mined by survival analysis over the 24-h baseline period. These graphs
depict the probability of maintaining a specific state in each genotype. P
values are shown for the significance in difference for the survival distri-
bution between genotypes. C: panels show mean bout length within each
state. Data are expressed as the mean + SEM. ***p < 0.001. REM refers
to rapid eye movement sleep.

power during NREM sleep, compared with wild-type mice (p <
0.05). Additionally, normalization unmasked a decrease in sig-
ma (10- to 14-Hz) power during NREM sleep (p < 0.05), likely
obscured in the absolute EEG spectra by spectral leakage.”
Examination of the entire spectrum revealed that alterations
specifically occurred between 2- to 3.75-Hz and 8.75- to 10.75-
Hz in R(AB) mice during NREM sleep (Figure 5). Significant
differences in EEG spectra were only observed during NREM
sleep and only in the delta and sigma frequency bands.

R(AB) Transgenic Mice Exhibit Fragmented Sleep

To identify alterations in sleep microstructure, we examined
the distribution of sleep/wake bouts in wild-type and R(AB)
transgenic mice during the 24-hour baseline period. Examination
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Figure 7—Examples of spindles from wild-type and R(AB) transgenic
mice. A and C show 1 minute of non-rapid eye movement (NREM) sleep
activity recorded from 3 different electroencephalographic (EEG) leads
and 1 electromyographic (EMG) lead in wild-type and R(AB) mice, re-
spectively. EEG activity from the right EEG lead was filtered using an
inverse fast Fourier transform (10- to 14-Hz), integrated, and displayed
above the right EEG trace. Spindles underlined in black beneath the EEG
signals in A and C are enlarged in B and D, respectively. Note that the
spindles are preceded by K-complexes in B and D. The horizontal scale
bar indicates 7.5 seconds for traces A and C and 0.25 seconds for traces
B and D. The vertical scale bar indicates 100 pV for all traces.

of individual hypnograms revealed that R(AB) mice transition
in and out of NREM sleep more frequently (Figure 6). Survival
analysis revealed that R(AB) mice had an increased probability
of having shorter sleep bouts, punctuated by brief (4- to 16-s)
arousals (Figure 6). Indeed, R(AB) mice had 30% shorter NREM
sleep-bout lengths (p < 0.001) over the baseline period, relative
to wild-type mice. In contrast, R(AB) mice had 12% more REM
bouts than wild-type mice (p = 0.16). Although not statistically
significant, this increase can be extrapolated to produce a phe-
notype of 7.5 minutes of increased REM sleep. Because REM
sleep-bout length in R(AB) mice was only increased by 4% (p
=0.63), it is likely that the increased time R(AB) mice spend in
REM (described above) is due to an increase in the number of
bouts rather than bout duration. Indeed, we found a correlation
between the amount of time spent in REM sleep and the number
of REM entries in both wild-type and R(AB) transgenic mice
during the 24-hour baseline period (r?=0.71, p < 0.0001), further
suggesting that the phenotype of increased REM sleep may be
the result of increased entry into REM sleep.
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Figure 8—R(AB) transgenic mice have normal homeostatic sleep re-
covery, but long-term alterations in sigma power were different between
genotypes. The increase in non-rapid eye movement (NREM) sleep,
rapid eye movement (REM) sleep, delta power, and sigma power relative
to baseline after sleep deprivation was tabulated in 2-h bins. Values for
R(AB) mice were offset for clarity. Bottom axis indicates hours after sleep
deprivation. *p < 0.05. Data are expressed as the mean + SEM. WT
refers to wild-type mice.

R(AB) Transgenic Mice Show Reduced Spindle Amplitude
During NREM Sleep

To elucidate the cause of the reduction in sigma power in
R(AB) mice, we analyzed spindle activity in both groups.
Alterations in the sigma frequency range are thought to be
caused by alterations in spindles.*® Furthermore, spindle ac-
tivity in mice can be altered by the administration of cholin-
ergic agonists, resulting in reduced sigma power.” In light of
these findings, we calculated the number of spindles over the
baseline period and determined their mean duration, maximum
amplitude, and integrated amplitude. Overall, spindles in both
groups of mice were similar to those observed in humans in
frequency (10- to14-Hz), density (2 per 30 seconds), and am-
plitude (20 nV) (Figure 7). In some cases, mouse spindles were
as long as human spindles (0.5-2.0 seconds) but were typically
shorter in duration (0.5 -1.0 seconds in total length or 0.5-1.0
seconds shorter). The maximum amplitude and integrated am-
plitude of spindles in R(AB) mice were 8% smaller than those
of wild-type mice (p < 0.05; F |, =2.6; and p <0.05; F, , =
2.6, respectively). No change was seen in the number (wild-
type : 2248 + 146, R(AB): 2420 + 195; F |, = 0.8, p =0.42)
or duration of spindles (wild-type : 587 + 15 ms, R(AB): 582 +
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15ms; F, |, = 1.2, p = 0.24) during the baseline period. These
results show that the reduced sigma power in R(AB) mice is
likely caused by a reduction in maximum spindle amplitude
and integrated amplitude.

Homeostatic Changes in Sigma Power After Sleep Deprivation
Are Reduced in R(AB) Transgenic Mice

To determine the effect of the genetic inhibition of PKA on
sleep homeostasis, we characterized sleep rebound in mice sub-
jected to 6 hours of sleep deprivation starting at ZT hour 0.
Figure 8 (top panels) show that both wild-type and R(AB) trans-
genic mice demonstrated significant NREM sleep and REM
sleep rebound during the recovery period (p values < 0.05). No
significant differences in the time spent in NREM or REM sleep
were found between the 2 groups (p values > 0.05).

Sleep deprivation is known to increase delta and sigma
power during NREM sleep, reflecting increased homeostatic
drive.*®** Therefore, we examined alterations in NREM sleep
spectra during recovery from 6 hours of sleep deprivation (Fig-
ure 8, bottom panels). EEG spectra after sleep deprivation were
compared with that measured during the baseline period. Both
wild-type and R(AB) mice had increased delta power after sleep
deprivation, but wild-types maintained a higher increase in sig-
ma power during NREM sleep, as compared with R(AB) mice
(p < 0.05). No effect of genotype was observed on theta power
in any state (p values > 0.5) or on delta and sigma power during
wakefulness or REM sleep (p values > 0.5). These results sug-
gest that rebound in sigma oscillations after sleep deprivation is
reduced in R(AB) transgenic mice.

DISCUSSION

In the present study, we used a genetic approach to identify
a potential role for PKA in sleep/wake regulation. Specifically,
we examined sleep in R(AB) transgenic mice that express a
dominant negative form of the regulatory subunit of PKA with-
in the forebrain, including the cortex, hippocampus, amygdala,
and lateral septum. We found that R(AB) transgenic mice have
fragmented sleep, reflecting an impairment in sleep continu-
ity. Further, R(AB) transgenic mice have more REM sleep and
delta activity during NREM sleep. Conversely, R(AB) mice
have less sigma activity during periods of NREM sleep. In re-
sponse to sleep deprivation, reduced homeostatic increases in
EEG spectra were apparent in R(AB) transgenic mice without
any significant alteration in the time spent in NREM or REM
sleep. This is the first study of the effects of a transgene ex-
pressed primarily in the forebrain on sleep/wake regulation.
Our results are in agreement with the literature suggesting that
the hypothalamus is the main control center for the time spent
in sleep or wakefulness'** but that local regulatory control of
sleep and sleep homeostasis can occur within the cortex.!340-42
Our results further suggest a role for PKA in REM sleep reg-
ulation and in the delta and sigma activity that occur during
NREM sleep.

The Role of PKA and CREB in Sleep/Wake Regulation

PKA plays a critical role in the regulation of the transcription
factor CREB,* which itself has been implicated in the mainte-
nance of wakefulness.® Nevertheless, CREB mice had overall
more dramatic alterations in sleep/wake regulation than did the
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R(AB) transgenic mice examined here, perhaps because the
CREB mutant mice lacked CREB from all cells and not from
restricted neuronal circuits. Previous studies have demonstrat-
ed that CREBaA mutant mice have approximately 100 minutes
less wakefulness over a 24-hour light/dark cycle.® Analysis of
the sleep microstructure of CREB knockout mice suggests that
these mice had difficulty maintaining wakefulness because of
reductions in wake bout lengths restricted to the dark period.
Interestingly, R(AB) transgenic mice had increased REM sleep,
but normal amounts of NREM sleep, when compared with wild-
type mice, whereas CREBaA knockout mice had no significant
increase in the proportion of REM sleep to NREM sleep. These
differences may arise due to fact that CREBaA knockout mice
have globally decreased levels of CREB, whereas expression
of the transgene in R(AB) is more restricted. Yet, we still ex-
pected to replicate portions of the CREBaA phenotype because
increased wakefulness produces increased levels of CREB
phosphorylation in cortex.* In fact, in Drosophila, mutations
involving PKA have activity phenotypes comparable to CREB
mutations.® Expression of a constitutively active catalytic sub-
unit of PKA outside of the core o/ mushroom body regions
increases wakefulness in Drosophila.” The fact that R(AB)
transgenic mice do not phenocopy CREBaA mice suggests ei-
ther that the maintenance of wakefulness by CREB occurs out-
side of cortex or that proteins other than PKA that act on CREB,
such as CaMKIV* or RSK,* may be involved. In addition, it is
important to note that R(AB) transgenic mice have a different
genetic background (C57BL/6J) than the CREBaA knockout
mice (F1 hybrid of C57BL/6J 129/SvEvTac). Such differences
in genetic background might also contribute to disparities in the
phenotype of R(AB) transgenic mice and CREBaA knockout
mice because different mouse strains are known to have differ-
ent sleep/wake characteristics.'”*

Reductions in PKA Activity in Cortex Can Produce Symptoms of
Sleep-Maintenance Insomnia

The sleep fragmentation and changes in EEG spectra in
R(AB) are consistent with observations of human sleep-main-
tenance insomnia. Sleep-maintenance insomnia is a prevalent
form of insomnia primarily manifested by sleep fragmentation
and non-restorative sleep in the generally healthy population
and in diseased populations, particularly those with chronic
pain and depression.”®*> Whereas humans have been reported
to have 7 + 2 awakenings per night, sleep-maintenance in-
somniacs have 19 + 3 awakenings per night.* During the light
cycle, when mice consolidate their sleep, wild-type mice have
46 + 6 arousals, whereas R(AB) transgenic mice have 66 + 7
arousals. In an EEG study, it was found that patients with sleep-
maintenance insomnia have increased delta power,** similar to
the observed increase in delta power in R(AB) transgenic mice
that we observe here.

Interestingly, a reduction of spindle activity (activity in the
human sigma power band 13-to17-Hz) is seen in sleep-mainte-
nance insomnia® and in diseases that produce sleep fragmen-
tation, including fibromyalgia,* sleep disordered breathing,**-5
and Creutzfeldt-Jakob disease,” as well as with aging.*® Spindles
also produce long-lasting hypersynchronized inhibition of thal-
amic and cortical neurons that could effectively shunt arousing
sensory inputs.’® In fact, drugs that treat insomnia enhance or
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increase spindle activity,% suggesting that spindles may serve

an important role in sleep maintenance. It will be interesting to
examine the effects of hypnotics on R(AB) transgenic mice in
future experiments. Further work will also be necessary to vali-
date our spindle-analysis technique, as this represents a novel
innovation to better understand alterations in cortical dynamics
within R(AB) transgenic mice.

Similar techniques in rats®® and humans® have tied increased
spindle density to mechanisms involved in memory consolida-
tion. Although the role of spindles in memory consolidation re-
mains to be elucidated, R(AB) transgenic mice have impaired
memory consolidation, and observations of reduced spindle ac-
tivity are consistent with this notion.

PKA, Synaptic Plasticity, Memory Storage, and Sleep

Sleep and sleep oscillations are postulated to be important
to memory consolidation,¢” although this belief has been
challenged.®®7 Sleep oscillations are hypothesized to mediate
the transfer of information acquired during prior wakefulness
from the hippocampus to cortex for more permanent storage
by repeatedly activating synapses associated with a particular
memory representation.””> Although it is difficult to test such
a hypothesis directly, our results suggest some testable predic-
tions of this hypothesis. Because R(AB) transgenic mice have
reduced spindle/sigma activity during sleep, as well as reduced
phosphorylation of GluR1 within cortex, we envisage that spin-
dles during sleep could modulate or be modulated by GluR1
phosphorylation. For example, it is known that synaptic plas-
ticity in barrel cortex utilizes a PKA-dependent mechanism of
phosphorylation of GluR1,” and the phosphorylation of GluR1
is modulated by sleep/wake state.” Furthermore, phosphoryla-
tion of GluR1 increases the probability of channel opening*
and receptor incorporation”’® and thereby increases synaptic
currents, which are important for the manifestation of spindle
oscillations.” Work in vitro has supported a role for cAMP, but
not PKA, in the modulation of spindle oscillations.”™ It is likely
that interaction between PKA and sleep oscillation is com-
plex and could involve the participation of other ion channels
and transcriptional regulation. Nevertheless, we predict that
memory consolidated during sleep oscillations involves GluR1
phosphorylation within cortex, and manipulations involving
learning that affect sleep oscillations may be measured, in part,
by assessing GluR1 phosphorylation.

Although the notion of sleep oscillations playing a role in
memory consolidation requires further experimental evidence,
there is evidence that repeated disruption of sleep causes mem-
ory impairments. Sleep fragmentation by enforced intermittent
treadmill activity in rats is sufficient to produce deficits in the
Morris water maze and hippocampal long-term potentiation.”
Even repeated interruption of sleep by noise is sufficient to im-
pair spatial long-term memory in rats.*® Epidemiologic studies
investigating the chronic interruption of sleep by noise shows
that long-term memory processes are affected.*'-** The most ad-
verse form of sleep fragmentation in humans, obstructive sleep
apnea, is also known to impair long-term memory.®*” Also,
patients with developmental disorders and accompanying cog-
nitive impairments display sleep fragmentation.®**° Therefore,
reducing sleep fragmentation by enhancing sleep may be a rele-
vant therapeutic target for the treatment of some developmental
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disorders. Because PKA activity is reduced in some develop-
mental disorders” and mutations in the cAMP/PKA pathway
are involved in the etiology of others,” further investigation of
the role of the cAMP/PKA pathway in sleep/wake regulation
may prove to be efficacious in the treatment of developmental
disorders associated with learning and memory impairments
and alterations in sleep.
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