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Development/Plasticity/Repair
Locus Ceruleus Control of Slow-Wave Homeostasis

Chiara Cirelli, Reto Huber, Anupama Gopalakrishnan, Teresa L. Southard, and Giulio Tononi
Department of Psychiatry, University of Wisconsin, Madison, Madison, Wisconsin 53719

Sleep intensity is regulated by the duration of previous wakefulness, suggesting that waking results in the progressive accumulation of
sleep need (Borbély and Achermann, 2000). In mammals, sleep intensity is reflected by slow-wave activity (SWA) in the nonrapid eye
movement (NREM) sleep electroencephalogram, which increases in proportion to the time spent awake. However, the mechanisms
responsible for the increase of NREM SWA after wakefulness remain unclear. According to a recent hypothesis (Tononi and Cirelli, 2003),
the increase in SWA occurs because during wakefulness, many cortical circuits undergo synaptic potentiation, as evidenced by the
widespread induction of long-term potentiation (LTP)-related genes in the brain of awake animals. A direct prediction of this hypothesis
is that manipulations interfering with the induction of LTP-related genes should result in a blunted SWA response.

Here, we examined SWA response in rats in which cortical norepinephrine (NA) was depleted, a manipulation that greatly reduces the
induction of LTP-related genes during wakefulness (Cirelliand Tononi, 2004). We found that the homeostatic response of the lower-range
SWA was markedly and specifically reduced after NA depletion. These data suggest that the wake-dependent accumulation of sleep need
is causally related to cellular changes dependent on NA release, such as the induction of LTP-related genes, and support the hypothesis

that sleep SWA homeostasis may be related to synaptic potentiation during wakefulness.
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Introduction

Akey feature of sleep is its homeostatic regulation: the intensity of
sleep increases in proportion to the duration of previous wake-
fulness. The best-characterized marker of sleep intensity is non-
rapid eye movement (NREM) slow-wave activity (SWA), the
spectral power of the electroencephalogram (EEG) in the fre-
quency range of 0.5-4.5 Hz during NREM sleep (Borbély and
Achermann, 2000). In mice, rats, hamsters, rabbits, cats, and
humans, NREM SWA (SWA from now on) increases exponen-
tially as a function of previous waking, peaks at the beginning of
sleep, and declines exponentially with the progression of sleep
(Daan et al., 1984; Tobler, 2000). Because SWA appears to reflect
aneed for sleep, it would be important to establish what aspect of
wakefulness is responsible for its increase.

We have recently hypothesized that sleep need is tied to the
induction of plastic changes during wakefulness (Tononi and
Cirelli, 2003). This hypothesis proposes that waking behavior is
associated with long-term potentiation (LTP) in many cortical
circuits. During subsequent sleep, as a result of the increased
synaptic weight, the amplitude and synchronization of cellular
slow oscillations (Steriade et al., 2001) are enhanced, resulting in
higher SWA. SWA, in turn, would promote synaptic downscaling
(Turrigiano, 1999), with benefits for energy metabolism, signal-
to-noise ratios, and performance.

A link between waking synaptic potentiation and SWA ho-
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meostasis is suggested by several findings. Modeling studies show
that an increase in synaptic weight in cortical circuits produces
slow oscillations of higher amplitude (Hill and Tononi, 2005). It
is also known that the amplitude of SWA closely parallels synaptic
density in cortical gray matter during development and aging
(Feinberg et al., 1990). Additional evidence comes from high-
density EEG studies in humans, which show that visuomotor
learning, compared with a nonlearning task, produces a selective
increase in SWA in the cortical area undergoing plastic changes
(Huber et al., 2004). This local increase in SWA, which dissipates
during sleep, is associated with improved performance the next
morning (Huber et al., 2004). Finally, molecular studies have
shown repeatedly that the expression of genes associated with the
induction/maintenance of LTP is high during wakefulness and
low during sleep (Cirelli and Tononi, 2000; Cirelli et al., 2004).

In this context, an important observation is that the induction
of LTP-related genes during wakefulness can be reduced by le-
sions of the noradrenergic system (Cirelli et al., 1996; Cirelli and
Tononi, 2000, 2004). Consistent with this observation, the nor-
adrenergic system fires strongly during wakefulness, especially in
relation to salient events and behavioral responses (Aston-Jones
and Bloom, 1981b; Clayton et al., 2004; Rajkowski et al., 2004),
but is near silent during sleep (Hobson et al., 1975; Aston-Jones
and Bloom, 1981a). Also, norepinephrine (NA) promotes LTP
induction in vivo, and noradrenergic lesions impair plasticity
(Gu, 2002) and memory acquisition (Ogren et al., 1980; Archer et
al., 1983; Ho et al., 1995; al-Zahrani et al., 1997).

To the extent that the induction of LTP-related genes during
wakefulness is a reliable marker of the occurrence of synaptic
potentiation, it follows that, if such induction is reduced by nor-
adrenergic lesions, the homeostatic regulation of SWA should be
blunted. Here, we measured SWA homeostasis in controls and in



4504 - ). Neurosci., May 4, 2005 - 25(18):4503- 4511

rats treated with the neurotoxin N-(2-chloroethyl)-N-ethyl-2-
bromobenzylamine (DSP-4), which depletes the cerebral cortex
of NA (Fritschy and Grzanna, 1989).

Materials and Methods

Animal groups and sleep recording. Male inbred WKY rats (250-300 g)
were pretreated with the selective serotonin (5-HT) uptake inhibitor
fluoxetine (10 mg/kg, i.p.) to minimize the effects of DSP-4 on serotonin-
ergic terminals and injected 30 min later with either saline or DSP-4 (50
mg/kg, i.p.; Sigma, St. Louis, MO) (see below). One week later, under
pentobarbital anesthesia (60—75 mg/kg, i.p.), rats were implanted with
screw electrodes on the dura over the frontal, parietal, and occipital
cortex to record the EEG and silver electrodes in the neck muscles of both
sides to record the electromyogram. After surgery, rats were housed in-
dividually in sound-proof recording cages in which lighting and temper-
ature were kept constant [12 h light/dark (LD) cycle; lights on at 10 A.M.;
24 * 1°C; food and drink available ad libitum]. Immediately after recov-
ery from anesthesia, rats were connected by means of a flexible cable and
a commutator (Airflyte, Bayonne, NJ) to a Grass electroencephalograph
(model 15LT; Astro-Med, West Warwick, RI) and recorded continu-
ously for 2-3 weeks. The EEG and EMG signals were amplified, condi-
tioned by analog filters (high-pass filter, —3 dB at 0.016 Hz; low-pass
filter, —3 dB at 40 Hz; less than —35 dB at 128 Hz), sampled at 512 Hz,
digitally filtered [EEG: high-pass filter, 0.3 Hz; low-pass finite impulse
response (FIR) filter, 25 Hz; EMG: band-pass FIR filter, 2050 Hz], and
stored with a resolution of 256 Hz. Each day from 10 to 10:30 A.M., all
rats were gently handled and exposed to a new object to become familiar
with the sleep-deprivation procedure. At least 1 week after surgery,
saline-treated and DSP-4-treated rats underwent the following experi-
mental protocol: (1) one 24 h baseline recording in 12 h LD conditions
(starting at 10 A.M.); (2) one 24 h recording in 12 h LD conditions
including 6 h of sleep deprivation (starting at 10 A.M.) followed by 18 h
of recovery sleep; (3) one 24 h baseline recording in dark/dark (DD)
conditions (starting at 10 A.M., but lights remained off; lights were
turned on again the following day at 10 A.M.); (4) one 24 h recording in
DD conditions (starting at 10 A.M., but lights remained off) including 6 h
of sleep deprivation (starting at 10 A.M.) followed by 18 h of recovery
sleep (lights were turned on again the following day at 10 A.M.). In all
animals, the sequence of the experiments was from 1 to 4, with each
recording session spaced 3—4 d apart from the previous one. Rats were
sleep deprived by introducing novel objects in their cages. Every new
object was delivered just after the first signs of synchronization in the
EEG signal. Animal protocols followed the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were in accordance
with institutional guidelines.

Assay of norepinephrine, dopamine, and serotonin. Rats were anesthe-
tized deeply with isoflurane (within 2 min) and decapitated. The head
was cooled in liquid nitrogen, and the whole brain was rapidly removed
and placed on ice. Cerebral cortex, hippocampus, and cerebellum were
dissected out and frozen immediately by immersion of the tubes in liquid
nitrogen. All samples were stored at —80°C until the time of the assay.
Levels of NA, dopamine (DA), and 5-HT were measured in the left cere-
bral cortex using HPLC with electrochemical detection using the method
of Fuertes et al. (2000). Briefly, the left cerebral cortex from each rat was
homogenized in 0.02 M perchloric acid using a motor-driven Potter-
Elvehjem homogenizer. After centrifugation at 13,000 rpm for 5 min at
4°C, the clear supernatant was filtered through a 0.22 um Millex-GP
filter unit (Millipore, Bedford, MA), and 15 ul were injected into a 3 wm
C18 reverse-phase column (ESA, Chelmsford, MA) in the HPLC system
(ESA) in which NA, DA, and 5-HT were analyzed. The mobile phase
consisted of 0.1 M sodium phosphate, 50 mwm citric acid, 1.8 mm
1-octanesulfonic acid, 10% acetonitrile, adjusted to pH 3.01, and the flow
rate was 0.5 ml/min. Values were expressed as nanograms per milliliter of
tissue homogenate, based on internal standard measurements using di-
hydroxybenzylamine. The nonparametric Mann—Whitney U test was
used for the statistical analysis of the results.

Sleep stages and EEG power spectral analysis. Sleep stages were scored
visually based on 4 s epochs. Epochs containing EEG artifacts were
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marked and omitted from additional analysis of the spectra. EEG power
spectra of consecutive 4 s epochs (fast Fourier transform routine; Han-
ning window) were calculated for frontal, parietal, and occipital EEG
derivations within the frequency range of 0.25-20.0 Hz. The final analysis
and all the figures refer to the parietal derivation because it provided the
best quality recordings data for all the animals in all four experimental
conditions. The duration and frequency of episodes was computed based
on minimal interruption criteria previously used in rats (Franken et al.,
1991). The minimum episode duration for waking, NREM sleep, and
rapid eye movement (REM) sleep was 32, 24, and 4 s, respectively. Dif-
ferences between the experimental groups were analyzed by two-way
ANOVA with factors “treatment” (saline or DSP-4) and “time interval.”
Differences between conditions were analyzed by two-way ANOVA with
factors condition (baseline vs sleep deprivation) and time interval. Con-
trasts were tested by post hoc two-tailed ¢ tests only if the main factor or
interaction of the ANOVA reached significance. Brief awakenings were
defined as uninterrupted waking episodes of one to up to four 4 s epochs.
To correct for differences in the amount of sleep in a given time interval,
the number of brief awakenings was expressed per hour of total sleep.

Results

DSP-4 treatment selectively decreases cortical NA levels

To lesion the locus ceruleus (LC) system, we used the neurotoxin
DSP-4, which can be administered intraperitoneally. All the
available evidence suggests that DSP-4 causes a selective deple-
tion of cortical NA. DSP-4 does not have cytotoxic effects (Dud-
ley et al., 1990; Yamamoto et al., 2001), does not cause synaptic
loss in the cerebral cortex of adult animals (Matsukawa et al.,
2003), has no effect on cholinergic transmission (Riekkinen et al.,
1992; Yamamoto et al., 2001), and only slightly reduces cortical
glutamatergic transmission (Yamamoto et al., 2001). However,
as discussed in detail in a recent study (Cirelli and Tononi, 2004),
DSP-4 has some potential limitations. Several weeks after DSP-4
treatment, damaged NA fibers are capable of restoring some of
their lost functions (Fritschy and Grzanna, 1992). Moreover, the
efficacy of the DSP-4 lesion can vary from animal to animal and
an incomplete lesion (NA depletion of <80%) can cause “para-
doxical” effects resulting from compensatory mechanisms such
as the upregulation of adrenergic receptors (Robbins and Everitt,
1995). To overcome these limitations, all animals in this study
were killed within the first 4 weeks after the DSP-4 injection, and
HPLC measurements were used to determine the efficiency as
well as the specificity of the treatment. Figure 1 shows thatin 16 of
the 25 DSP-4-treated animals, cortical NA levels were reduced to
<10% (8.8% = 2.0; mean = SEM) of the values in saline-treated
controls. In the remaining nine DSP-4-treated animals, in con-
trast, cortical NA depletion was only partial (56.4% = 12.2; data
not shown). In the 16 DSP-4 rats with almost complete NA de-
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Figure1. Levelsof NA, DA, and 5-HT in the left cerebral cortex of saline-treated rats (¢; n =

27) and rats treated effectively with DSP-4 (4; n = 16). NA, DA, and 5-HT were measured using
HPLC with electrochemical detection. Values (mean = SEM) in DSP-4-treated rats are ex-
pressed as percentage relative (rel.) to saline-treated controls (100%). NA, 8.8 == 2.0; DA, 87 =
20; 5-HT, 83 == 7. Boxes, Mean == SEM; open circles, outliers; crosses, extremes. Mann—Whit-
ney U test: NA, p << 0.00001; DA, p = 0.97; 5-HT, p = 0.12.
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Figure2. Effectsof NA depletion on behavioral states [controls,n = 27; NA depleted (depl.),n = 16]. In this and the following
figures, NA-depleted rats are those animals in which NA levels were <<10% relative to saline-treated controls. Top, Time course of
the amount of wakefulness, NREM sleep, and REM sleep during 24 h of baseline (12 h light/dark condition). Bars represent 6 h
mean values (+SEM) expressed as a percentage of recording time. Bottom, Mean absolute EEG power values (1.V/ /0.5 Hz) of the
24 hbaseline during wakefulness, NREM, and REM sleep. Values represent EEG power per 0.5 Hz bin (== SEM) on a logarithmic scale
(parietal derivation).

Table 1. Effects of NA depletion on vigilance states

Controls NA depleted
LD DD LD DD
n(SD) 27 (13) 8(8) 16 (12) 7(7)
Waking
BL
L(1-6) 34.2(2.0) 38.1(2.2) 36.5(1.9) 407 (2.2)
L(7-12) 427(13) 453(3.8) 40.1(1.7) 46.8(2.5)
D (13-24) 70.6 (1.2) 63.0 (4.1) 72.1(27) 69.6 (4.3)
D
6h SD (1-6) 94.0 (1.4) 98.0(0.7) 94.6 (1.7) 97.5(1.0)
RecL (7-12) 302(1.1)7" 267 (2.4)" 303(33)" 27.1(23)"
RecD (13-24) 61.4(1.8) 55.8(3.2) 63.4 (1.4) 55.4(2.9)
NREM sleep
BL
L(1-6) 49.6 (1.4) 46.9 (2.0) 472(1.5) 44.0(1.8)
L(7-12) 39.8(0.9) 402 (3.4) 429(1.9) 37.9(2.2)
D (13-24) 243(0.9) 313(4.1) 22.8(2.1) 25.1(3.8)
D
6h SD (1-6) 55(1.3) 1.9(0.6) 5.0(1.6) 2.5(1.0)
RecL(7-12) 528(1.2)% 55.6 (1.9)" 51.9(2.9)* 517Q707"
RecD (13-24) 29.2(1.6) 33.1(3.0) 27.4(15) 33.2(2.5)
REM sleep
BL
L(1-6) 16.2(0.9) 15.1(1.5) 16.3 (1.0) 15.3(0.9)
L(7-12) 17.6 (0.8) 145 (1.4) 17.0 (0.9) 15.3 (1.1)
D (13-24) 5.0 (0.4) 5.7(0.4) 5.1(0.7) 5.4(0.7)
D
6h SD (1-6) 05(0.2) 0.1(0.1) 03(0.2) 0.0 (0.0)
RecL(7-12) 17.0(0.7) 17.6 (1.1) 17.8(1.0) 212(1.) %
RecD (13-24) 9.4(0.6) 11.0 (0.6) 9.1(0.7) 11.4(0.7)

Wakefulness, NREM, and REM sleep in saline-treated (Controls) and NA-depleted rats under LD (12 h) or DD conditions. Values refer to the 12 h light (L 1-6,
L 7-12) and dark (D 13—24) periods during baseline (BL), 6 h of sleep deprivation (6 h SD), the remaining 6 h of the light period after sleep deprivation (Rec L
7-12), and the subsequent dark period (Rec D 13—24). All values (mean == SEM) are expressed as percentage of total recording time. Nindicates the number
of animals contributing to the baseline values; SD refers to the subgroups of animals subjected to sleep deprivation. The statistical analysis was done separately
for the first and second 6 h of the light period and for the entire 12 h of the dark period.

*p < 0.05; controls versus NA depleted; unpaired  test.

*p < 0.05; baseline versus recovery; paired t test.
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primarily selective depletion of cortical
NA without affecting the serotonergic or
the dopaminergic system.

DSP-4 does not affect daily amount of
sleep and the overall EEG

power spectrum

All animals recovered overnight from the
DSP-4 injection and increased their body
weight during the 4 weeks after the treat-
ment. All rats were recorded continuously
for several days after adaptation to the re-
cording environment to establish baseline
percentages and distributions of wakeful-
ness, NREM sleep, and REM sleep. As ex-
pected under a 12 h light/dark schedule,
rats were asleep for most of the light pe-
riod and awake for most of the dark pe-
riod. Moreover, as described previously
(Cirelli et al., 1996; Cirelli and Tononi,
2000, 2004), overall daily percentages of
behavioral states 2—4 weeks after the
DSP-4 injection did not differ between
saline-treated and NA-depleted animals
(Fig. 2, top; Table 1). The number of
NREM sleep, REM sleep, and waking epi-
sodes, as well as their duration, were also
similar in the two experimental groups
(data not shown), as was the overall EEG
power spectrum during NREM sleep,
REM sleep, and wakefulness, which did
not differ across animal groups in any fre-
quency bin (Fig. 2, bottom).

Cortical NA depletion is associated with
a decrease in slow-wave homeostasis
after sleep deprivation
To determine whether an almost-
complete depletion of cortical NA affected
slow-wave homeostasis, saline-treated
and NA-depleted animals were sleep de-
prived during the first 6 h of the light pe-
riod and then allowed to sleep ad libitum.
As shown in Table 1, during the 6 h of
sleep deprivation, the exposure to novel
objects was able to keep all rats awake for
>94% of the time. Table 1 also shows that
after sleep deprivation, both saline-treated
and NA-depleted animals showed a simi-
larly significant increase in the duration of
NREM sleep, which was restricted to the
last 6 h of the light period. REM sleep du-
ration, on the other hand, showed a simi-
lar trend to increase during the dark pe-
riod in both groups but without reaching
statistical significance.

Figure 3 shows SWA (0.5-4.5 Hz) dur-
ing the first 18 h after sleep deprivation
expressed as the percentage change rela-

pletion, the levels of serotonin and dopamine were not signifi-  tive to the 24 h baseline mean. As expected, SWA increased after
cantly reduced relative to controls (Fig. 1). Thus, in line with  sleep deprivation, and in both experimental groups, its values
previous work (Dudley et al., 1990; Cirelli and Tononi, 2004), we  remained significantly above the 24 h baseline value for 4 h
found that DSP-4 lesions can produce an almost complete and ~ (paired t test; p < 0.05). More importantly, Figure 3 also shows
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Figure3. Time course of SWA (0.5— 4.5 Hz) during NREM sleep after 6 h of sleep deprivation

(controls, n = 13; NA depleted, n = 12). Curves connect 1 h mean values (== SEM) of SWA
expressed for every individual animal as a percentage of the 24 h baseline mean. Triangles
indicate differences between the two experimental groups ( p << 0.05; two-tailed unpaired ¢
test after significance in two-way ANOVA).

that during the first hour after sleep deprivation, the SWA ho-
meostatic response was significantly smaller in NA-depleted an-
imals than in controls.

Several previous animal studies have shown that the increase
in SWA after sleep deprivation is most prominent (Tobler and
Borbély, 1990), longest lasting (Tobler et al., 1997; Huber et al.,
2000), or even limited to the lower-range SWA (<2 Hz) (Franken
et al., 1991). The lower-range SWA overlaps with the frequency
range of the slow oscillation (=1 Hz), the fundamental intracel-
lular phenomenon that occurs in all cortical neurons during
NREM sleep (Steriade et al., 2001). Moreover, a recent human
study (Huber et al., 2004) found that the local increase in SWA
after the learning of a motor task was most prominent in the
lower range (0.25-2 Hz). Thus, the lower-range SWA appears to
be the most sensitive indicator of the EEG changes occurring
during recovery sleep. To determine whether the blunted SWA
response in NA-depleted animals encompassed the full range of
frequencies (0.5-4.5 Hz) or was specific for the lower-range
SWA, we analyzed the entire EEG power spectrum density of
NREM sleep during the first 2 h after sleep deprivation. Figure 4
(top) shows that the blunted homeostatic SWA response in NA-
depleted animals is specific for the lower-range SWA, between 0.5
and 1.5 Hz (top). Figure 4 also shows (bottom) that the blunted
response in the lower-range SWA in NA-depleted animals per-
sists for 2 h after sleep deprivation.

To rule out nonspecific effects of the DSP-4 treatment per se,
lower-range SWA was compared between saline-treated controls
and those DSP-4-treated animals in which the neurotoxin pro-
duced only a partial decrease of cortical NA levels. Because these
animals did not reach the threshold of 90% NA depletion, they
were excluded from the main study (see above). In partially NA-
depleted rats, the increase in lower-range SWA after sleep depri-
vation was as prominent and as sustained as in saline-treated rats
(1 h maximal value after sleep deprivation as percentage of 24 h
baseline: partially NA-depleted rats, 191.1% = 29.8, n = 4;
saline-treated rats, 209.4% * 13.9, n = 12; in both experimental
groups, lower-range SWA peaked during the second hour after
sleep deprivation).
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Figure 4. Top, Effects of NA depletion on EEG power density during NREM sleep after 6 h of

sleep deprivation (controls, n = 13; NA depleted, n = 12). Curves connect means (== SEM) of
relative power density in the first 2 h after sleep deprivation expressed as percentage of power
in the same frequency bin during the 24 h baseline. Bottom bars indicate frequency bins for
which power in NA-depleted rats was significantly different from control animals (unpaired ¢
test; p << 0.05). Bottom, Time course of the EEG power density in the low-frequency-range
(0.5-1.5 Hz) SWA during NREM sleep after 6 h of sleep deprivation (controls, n = 13; NA
depleted, n = 12). Curves connect 1 h mean values (==SEM) of SWA expressed for every
individual animal as a percentage of the 24 h baseline mean. Triangles indicate differences
between the two experimental groups ( p << 0.05; two-tailed unpaired ¢ test after significance
in two-way ANOVA).

Cortical NA depletion blunts the lower-range SWA increase
after spontaneous wakefulness

Two sets of evidence indicate that SWA is a measure of sleep need.
The first is that SWA increases when the waking period is pro-
longed beyond its physiological duration (i.e., when sleep depri-
vation occurs). The second is that, within the 24 h cycle, SWA
reaches its highest values at the beginning of the sleep phase (i.e.,
after the major waking period). We tested therefore whether NA-
depleted animals showed a blunted SWA response not only after
being sleep deprived, but also after a waking period of physiolog-
ical duration. As expected, in both groups of animals SWA
peaked shortly after lights on (i.e., at the beginning of the major
sleep phase) and decreased thereafter (data not shown). The in-
crease in SWA, however, was again more pronounced in saline-
treated rats than in NA-depleted animals. As before, the effect was
specific for SWA in the low frequency range (0.5-1.5 Hz; data not
shown). As shown in Figure 5, the lower-range SWA showed not
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Figure5.  Time course of the EEG power density in the low-range (0.5—1.5 Hz) SWA in NREM

sleep during baseline (controls, n = 27; NA depleted, n = 16). Curves connect 2 h mean values
(==SEM) of SWA expressed for every individual animal as a percentage of the 24 h baseline
mean (100%). Triangles indicate differences between the two experimental groups ( p << 0.05;
two-tailed unpaired ¢ test after significance in two-way ANOVA).

only a smaller increase at the beginning of the light period, but
also a smaller decrease below the 24 h mean value during the
second half of the light period.

The effects of light on SWA do not explain why NA-depleted
rats show a blunted lower-range SWA response

Tobler et al. (1994) found that SWA in NREM sleep is signifi-
cantly enhanced when rats are sleep recorded in constant dark-
ness. Thus, because light has a negative impact on SWA, we tested
whether an increased sensitivity to light in NA-depleted rats
could account for their blunted response in the lower-range
SWA. Saline-treated and NA-depleted rats kept in 12 h LD con-
ditions were switched to DD at the beginning of the subjective
day (10 A.M.) and allowed to sleep ad libitum in the dark for the
following 24 h. In DD, maximal 1 h mean values of the lower-
range SWA during NREM sleep peaked earlier in NA-depleted
rats than in controls (NA depleted, 1:00 P.M. = 24 min; controls,
2:18 P.M. * 24 min; t test, p = 0.03) but reached higher levels in
controls (NA depleted, 118.8 * 6.7; controls, 141.3 = 3.7; per-
centage of 24 h baseline in LD; p < 0.05; n = 7 per group; data not
shown). Thus, the blunted lower-range SWA response observed
in NA-depleted rats during baseline sleep is independent of
whether light is present and is not because of the fact that these
animals are more sensitive to the negative effects of light on SWA.
In fact, in controls, the maximal values reached by the lower-
range SWA during NREM sleep were higher when the animals
slept in DD than when they slept in LD (LD, 121.4 * 6.0; DD,
141.3 = 3.7; p < 0.005) and peaked later (LD, 12:42 P.M. * 12;
DD, 2:18 P.M. * 24; p = 0.001). In NA-depleted rats, on the
other hand, there was no significant difference between lower-
range SWA peak levels during NREM sleep when the animals
slept in DD relative to when they slept in LD (DD, 118.8 * 6.7;
LD, 107.0 = 6.2; p = 0.2), and maximal values were reached at the
same circadian time (LD, 12:30 P.M. = 12 min; DD, 1:00 P.M. *=
24 min; p = 0.246).

The potential effects of light on SWA were also studied in
saline-treated and NA-depleted rats first deprived of sleep for 6 h
in DD starting at the beginning of the subjective day (10 A.M.)
and then allowed to sleep ad libitum in the dark for the following
18 h (see Materials and Methods). In contrast to what was ob-
served during baseline, peak values of the lower-range SWA after
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sleep deprivation in DD were reached earlier in controls than in
NA-depleted rats (controls, 5:54 P.M. = 6 min; NA depleted, 6:24
P.M. = 12 min; p = 0.04). More importantly, however, and
consistent with the baseline data, the maximal values reached by
the lower-range SWA were significantly higher in controls than in
NA-depleted animals (257.0 = 5.1 vs 201.0 = 5.8; p < 0.05; n =
7 per group; data not shown). Thus, even after sleep deprivation,
the blunted lower-range SWA response in NA-depleted rats is not
caused by an increased sensitivity to light.

Cortical NA depletion does not affect the time course of
lower-range SWA within NREM sleep episodes

The fact that the lower-range SWA at the beginning of the sleep
phase peaked atlower levels in NA-depleted rats is not necessarily
an indication that these animals are unable to attain as much
SWA as controls. Another possibility is that, when transitioning
from waking to NREM sleep, their lower-range SWA simply takes
longer to reach its maximum. To determine whether this was the
case, all NREM sleep episodes longer than 4 min occurring dur-
ing the 24 h baseline recording were pooled for each experimental
group, and the time course of lower-range SWA was measured at
the transition between waking and NREM. The lower-range SWA
was compared between the last minute before the waking-to-
NREM transition and the 4 min after the transition. As shown in
Figure 6, in both experimental groups, the lower-range SWA
sharply increased at the transition to NREM sleep and reached an
asymptotic level after ~2 min. The figure also shows that there
was no difference between controls and NA-depleted rats in the
dynamics underlying the generation of lower-range SWA (i.e.,
lower-range SWA took the same time to reach its peak levels in
both groups). This was true both during baseline (Fig. 6, top) as
well as after sleep deprivation (Fig. 6, bottom).

Another potential reason for smaller lower-range SWA values
in NA-depleted rats would be sleep fragmentation. If this were the
case, the discharge of the lower-range SWA pressure during the
light phase would be delayed, and the overall relative changes in
the lower-range SWA would to be smaller. As shown in Figure 7
(top), the duration of NREM sleep episodes did not differ during
baseline between experimental groups and showed the same in-
crease after sleep deprivation. The number of sleep episodes was
also similar in the two groups (Fig. 7, middle). Moreover, at each
time point during both baseline and after sleep deprivation, the
number of brief awakenings was not significantly different in
NA-depleted rats relative to controls. Thus, the blunted lower-
range SWA response at sleep onset in NA-depleted rats is not a
consequence of a slower build-up, nor of a more fragmented
sleep, but reflects a decrease in the homeostatic response of these
animals.

Discussion

Norepinephrine depletion: effects on sleep and

EEG parameters

As in previous studies (Cirelli et al., 1996; Cirelli and Tononi,
2000, 2004), we found that sleep amount and distribution were
unchanged 2—4 weeks after a depletion of cortical NA verified
using HPLC analysis. Other laboratories have studied the effects
of DSP-4 on sleep and observed either no effects or small changes,
which, however, were not consistent across studies. Five days
after DSP-4 treatment, Monti et al. (1988) observed a small in-
crease in REM sleep duration during the light period. Gonzalez et
al. (1998) found no changes in REM sleep duration 5 d after
DSP-4 but a small decrease (~20%), limited to the light phase,
15-30 d after DSP-4. Gonzalez et al. (1996, 1998) also found no
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Figure 6.  Time course of lower-range SWA (0.5-1.5 Hz) at the transition from wakefulness
to NREM sleep for control (n = 13) and NA-depleted (n = 12) rats during baseline sleep (top)
and during recovery sleep after sleep deprivation (SD; bottom). The curves connect mean =
SEM 4 s bins for 1 min before and 4 min after the transition. The curves are expressed as a
percentage of the baseline 24 h value of the power in NREM sleep for each animal. Mean == SEM
number of transitions per animal: controls, baseline sleep, 21.4 (== 1.7), recovery sleep, 17.1
(== 1.2); NA-depleted rats, baseline sleep, 24.9 (== 4.0), recovery sleep, 15.4 (= 2.7). As a
result of the presence of artifacts in some EEG recordings, not all the animals used for Figure 5
could be used for this analysis.

change in NREM sleep duration 2 weeks after DSP-4 but a small
increase (14-23%), limited to the dark phase, 4 weeks after
DSP-4. Neither Monti et al. (1988) nor Gonzalez et al. (1996,
1998) assessed the extent of the NA depletion using quantitative
methods. It is likely, therefore, that some of the discrepancies are
caused by different degrees of efficacy of the DSP-4 lesion. In any
case, all studies agree that DSP-4 has, at most, very subtle effects
on sleep duration. Moreover, our current study also confirms the
findings by Gonzalez et al. (1995, 1996) that DSP-4 treatment has
no effect on the increase in sleep duration normally observed
after sleep deprivation.

We also confirm here that cortical NA depletion does not
affect the overall EEG power spectrum (Cirelli et al., 1996; Cirelli
and Tononi, 2000). Two other reports found no effect of DSP-4
on EEG activity (Riekkinen et al., 1990; Chang et al., 1995). Culic
et al. (1995) found that the EEG power spectra in the lower-
frequency bands showed a trend (p > 0.05) to increase after
DSP-4 treatment, but the analysis was restricted to a few 10 s
epochs before penicillin administration in anesthetized rats.
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Figure7. Top and middle, Time course of the duration and number of NREM sleep episodes
during baseline and after 6 h of sleep deprivation (SD; controls, n = 13; NA depleted, n = 12).
Curves connect 2 h mean values (== SEM). Bottom, Time course of the number of brief awaken-
ings during baseline and after 6 h of sleep deprivation (controls, n = 13; NA depleted, n = 12).
The number of brief awakenings is expressed per hour of total sleep. Two-way ANOVAs showed
significance for the time interval factor in all three cases (duration and number of NREM sleep
episodes, number of brief awakenings), whereas the treatment factor and the treatment by
time interval interaction were not significant (see Materials and Methods for details). The num-
ber of brief awakenings was still not statistically different between NA-depleted and control
rats when computed for the 6 and 12 h periods.

Two recent studies (Hunsley and Palmiter, 2003; Ouyang et
al., 2004) analyzed sleep in mice lacking the ability to make NA as
a result of a targeted disruption of the gene for dopamine
B-hydroxylase, which converts dopamine to NA. Daily amount
of sleep was not changed in one study but increased in another,
probably because of differences in genetic background (Ouyang
et al., 2004). Consistent with our results, Ouyang et al. (2004)
found that the increase in SWA normally observed at the transi-
tion from waking to NREM sleep was reduced in mutant mice.
Moreover, as expected, in control animals, SWA was highest at
the beginning of the light period and declined thereafter, whereas
this did not occur in mutant mice, again in agreement with our
data. Finally, after 6 h of sleep deprivation, SWA during recovery
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sleep showed a similar increase in both groups, but mutant mice
had more baseline NREM sleep, and thus, most likely, they expe-
rienced a bigger sleep loss during sleep deprivation.

Norepinephrine, SWA, and locomotor activity

Two lines of evidence suggest that the blunted lower-range SWA
response in DSP-4-treated rats cannot be explained by changes in
locomotor activity. Although locomotor activity was not quanti-
fied in this study, it is known that DSP-4-treated animals and
controls with access to running wheels exhibit similar levels of
voluntary activity (Garcia et al., 2003). Most importantly,
whether or not DSP-4 has locomotor effects, locomotor activity
has virtually no effect on SWA (Youngstedt et al., 1997; Tobler,
2000). In rats, two studies that used forced locomotion to enforce
wakefulness found that the sleep rebound was similar at different
cylinder rotation rates (Borbély and Neuhaus, 1979; Friedman et
al,, 1979). Similarly, the amount of total sleep (Webb and Fried-
mann, 1969) or NREM sleep (Hanagasioglu and Borbély, 1982)
was not affected by access to running wheels. In another study,
there was a slightly larger SWA increase in rats sleep deprived by
forced walking compared with exposure to novel objects, but the
effect was minimal (170 vs 160% of baseline value) (Franken et
al., 1991).

Exposure to novel objects triggered an immediate exploratory
behavior in all animals, but DSP-4 treated rats lost interest in the
new objects earlier than controls, in agreement with previous
studies (Berridge and Dunn, 1990; Harro et al., 1995). Thus, the
bilateral depletion of cortical NA by DSP-4 has consequences
both at the behavioral level (reduced exploratory behavior) and
at the molecular level (reduced induction of plasticity-related
genes). Although it is possible that part of the observed molecular
changes result indirectly from behavioral changes, the effects of
NA depletion on the expression of LTP-related genes is most
likely direct. This is because rats injected with the NA neurotoxin
6-OHDA in the LC of one side showed no appreciable change in
exploratory behavior but a markedly reduced expression of LTP-
related genes in the ipsilateral cortex (Cirelli et al., 1996).

Norepinephrine, SWA, and the “stress” response

It has been suggested (Gonzalez et al., 1995, 1996; Charifi et al.,
2000) that LC plays a role in the increase in REM sleep duration
after certain acute stress manipulations. Unfortunately, SWA was
not analyzed in those studies. SWA was measured, however, in
another series of experiments in which rats were kept awake using
manipulations involving different levels of stress (Meerlo et al.,
1997, 2001). It was found that both sleep deprivation by gentle
handling and by social-defeat stress increased SWA, but the latter
produced a larger and/or longer-lasting increase. The more pow-
erful effects of social conflict could not be explained by a stronger
hypothalamic—pituitary—adrenocortical (HPA) response
(Meerlo and Turek, 2001; Vaanholt et al., 2003) and were more
likely caused by “increased cerebral activity” (Meerlo et al., 1997).
This interpretation is consistent with the possibility that social
conflict induces more plastic changes than gentle handling. It is
worth mentioning that the HPA response in DSP-4-treated ani-
mals is indistinguishable from that in controls (Dooley et al.,
1984; Bugajski et al., 1995).

Norepinephrine, synaptic plasticity, and the regulation of
sleep need

What is the mechanism by which NA depletion affects the lower-
range SWA? Only a few factors are known to specifically affect
SWA homeostasis, most notably growth hormone-releasing hor-
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mone (GHRH), interleukin-13 (IL-18), and adenosine. Interfer-
ence with the GHRH system or with IL-1 expression reduces the
SWA response (Obal et al., 1992; Zhang et al., 1999; Yasuda et al.,
2005). However, NA depletion is unlikely to act through the
GHRH system, because DSP-4 lesions spare the hypothalamic
regions where GHRH-synthesizing neurons are located. Little is
known about the relationship between NA and IL-18, but DSP-4
treatment may increase, rather than decrease, IL-13 expression
and the inflammatory response in the cerebral cortex (Heneka et
al., 2002). Finally, A, adenosine receptor agonists increase SWA
in NREM sleep, and adenosine antagonists such as caffeine re-
duce the SWA response after sleep deprivation (Schwierin et al.,
1996; Landolt et al., 2004) (but see Van Dongen et al., 2001).
However, the mechanism by which adenosine promotes sleep is
thought to involve the inhibition of the waking-promoting neu-
rons of the basal forebrain (for review, see Basheer et al., 2004),
the NA innervation of which is almost completely spared by
DSP-4 lesions (Fritschy and Grzanna, 1989). Adenosine may also
actat the cortical level, where it accumulates during the first 5h of
sleep deprivation (Porkka-Heiskanen et al., 2000). However,
adenosine concentration declines during the sixth hour of sleep
deprivation in the cat (Porkka-Heiskanen et al., 1997), whereas in
the rat, adenosine A, receptor-dependent G-protein activity de-
clines already after 3 h of sleep deprivation (Alanko et al., 2004).
Finally, adenosine is thought to increase during waking as a by-
product of cellular energy metabolism, which is higher during
waking than during sleep, but LC lesions have little or no effect on
baseline brain metabolism (Savaki et al., 1984; Justice et al.,
1989), do not affect brain temperature (Gonzalez et al., 1998),
and do not change neocortical and hippocampal levels of cAMP,
glycogen, or free fatty acids (Blomqvist et al., 1985; Busto et al.,
1985).

This leaves the mechanism postulated in the Introduction,
namely that NA depletion may dampen the SWA response be-
cause it reduces LTP-related changes in cortical circuits during
wakefulness. NA enhances the magnitude, duration, and proba-
bility of induction of LTP in cortical and hippocampal slices, an
action mediated primarily via 8 adrenoceptors (Hopkins and
Johnston, 1984; Stanton and Sarvey, 1985; Huang and Kandel,
1996; Thomas et al., 1996; Katsuki et al., 1997). Studies in vivo
have shown that several forms of cortical plasticity require an
intact NA system (for review, see Levin et al., 1988; Gu, 2002).
These effects of NA on plasticity in vivo are also mediated by
Bl-adrenoceptors and are probably related to the induction of
LTP. Indeed, a recent study in awake rats found that LC stimula-
tion was followed, 24 h later, by protein synthesis-dependent
synaptic potentiation in the dentate gyrus (Walling and Harley,
2004). Finally, NA depletion prevents the expression during
wakefulness of genes linked to the induction/maintenance of LTP
[references in Cirelli and Tononi (2004)].

Together, the present results suggest that plastic changes that
occur in the cerebral cortex during wakefulness in the presence of
NA release modulate SWA homeostasis. These findings are in line
with the recent demonstration that learning tasks involving a
circumscribed cortical area produce a local increase in SWA (Hu-
beretal., 2004). Thus, sleep intensity and sleep need are regulated
not only by sleep centers in the hypothalamus and basal fore-
brain, but also by NA-gated plastic changes occurring in the very
cortical circuits that generate sleep slow oscillations (Tononi and
Cirelli, 2003). Consistent with this hypothesis, Hairston et al.
(2004) found that in rats the period between postnatal day 15
(P15) and P20, when NA innervation of the cerebral cortex in-
creases rapidly, coincides with the onset of waking-induced in-



4510 - J. Neurosci., May 4, 2005 - 25(18):4503- 4511

crease of cortical BDNF expression and of waking-induced SWA
homeostasis. Additional tests of the hypothesis could be obtained
by experimental manipulations producing an increase in the ex-
pression of LTP-related genes. Exposure to an enriched environ-
ment increases NA cortical levels (Naka et al., 2002) and induces
BDNF expression (Falkenberg et al., 1992; Ickes et al., 2000).
Similarly, conditional transgenic disinhibition of LC produces
unilateral overexpression of plasticity-related genes (Salbaum et
al., 2004). In these and similar instances, one would predict an
increase in sleep SWA above and beyond what would be expected
based on the duration of previous wakefulness.
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