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Abstract
Both adenosine and nitric oxide (NO) are known for their role in sleep homeostasis, with the basal
forebrain (BF) wakefulness center as an important site of action. Previously we reported a cascade
of homeostatic events, wherein sleep deprivation (SD) induces the production of inducible nitric
oxide synthase (iNOS)-dependent NO in BF, leading to enhanced release of extracellular
adenosine. In turn, increased BF adenosine leads to enhanced sleep intensity, as measured by
increased non-rapid eye movement (NREM) EEG delta activity. However, the presence and time
course of similar events in cortex has not been studied, although a frontal cortical role for the
increase in NREM recovery sleep EEG delta power is known. Accordingly, we performed
simultaneous hourly microdialysis sample collection from BF and frontal cortex (FC) during 11h
SD. We observed that both areas showed sequential increases in iNOS and NO, followed by
increases in adenosine. BF increases began at 1h SD, while FC increases began at 5h SD. iNOS
and Fos-double labeling indicated that iNOS induction occurred in BF and FC wake-active
neurons. These data support the role of BF adenosine and NO in sleep homeostasis and indicate
the temporal and spatial sequence of sleep homeostatic cascade for NO and adenosine.
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INTRODUCTION
Although the temporal dynamics of non-rapid eye movement (NREM) sleep homeostatic
regulation have been described (Borbely, 1982), discovery of the underlying endogenous
factors involved in NREM sleep homeostatic regulation and the biological mechanisms
leading to enhanced sleepiness after sleep deprivation (SD) remains a key area of
investigation. Recent studies from our lab and others have identified adenosine as an
important homeostatic sleep factor, and the basal forebrain (BF) wakefulness center as an
important site of its action (Basheer et al., 2004; McCarley, 2007). The levels of
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extracellular adenosine increase during spontaneous and forced waking (Porkka-Heiskanen
et al., 1997; Basheer et al., 1999; Murillo-Rodriguez et al., 2004; McKenna et al., 2007).
Data indicate that increased adenosine acts on the inhibitory A1 adenosine receptors (A1R)
to inhibit the BF wakefulness-active neurons, thereby allowing the onset of sleep (Thakkar
et al., 2003; Arrigoni et al., 2006). More than one mechanism and brain region are likely
involved in sleep homeostasis. For example, SD longer than 12h results in increased number
of active A1R in the BF and cortex, indicating an increased inhibitory tone of adenosine in
the longer-term homeostatic sleep response (Basheer et al., 2007; Elmenhorst et al., 2007;
2009). Mechanistically, we have postulated that the cause of the increased cortical A1R
binding likely parallels that observed in BF, where data indicate that adenosine acts on the
A1R to activate an intracellular signaling pathway leading to a positive feedback regulation
of A1R expression (Basheer et al., 2002; Ramesh et al., 2007). These findings thus suggest
that the term “homeostatic cascade” is appropriate for sleep homeostasis, since a series of
events in several brain regions are called into play according to the severity of sleep loss.
However, a critical element in the postulated cascade has not yet been measured. Although
A1R binding in cortical areas receiving BF projections increases with longer-term SD, it is
not known whether there is a corresponding increase in adenosine levels in the cortex and its
timing relative to adenosine increases in the BF.

With respect to adenosine production, our recent reports suggest that the gaseous
neuromodulator, nitric oxide (NO), constitutes an integral part of the homeostatic cascade
(Kalinchuk et al., 2006a,b). During SD, there was a doubling of the BF concentration of
nitrite and nitrate (NO2

− and NO3
−, abbreviated NOx), which are indirect measures of NO

(described in Methods). Pharmacological studies have demonstrated that NOx increase is
dependent on the activity of inducible nitric oxide synthase (iNOS) and that in the cascade
of events, NO production occurs upstream from adenosine release, since inhibiting iNOS
also prevented the SD-induced adenosine increase (Kalinchuk et al., 2006b). Recently, we
reported that iNOS-dependent NO production occurs in wakefulness-active BF neurons, and
that the extent of this production was positively correlated with the degree of homeostatic
sleep pressure (Kalinchuk et al., 2010). This study employed iNOS immunohistochemistry
and a novel assay of in vivo intracellular fluorescent NO staining using a cell-membrane
permeable dye that bound intracellular NO, 4,5-Diaminofluorescein-2/Diacetate (DAF-2/
DA) (Kojima et al., 1998a, b).

The present study was designed to measure the relative time course of adenosine and NOx in
the cortex, not previously done, and to compare with that in BF and thereby to test whether
there is a temporal and regional sequence of occurrence of homeostatic events with
progressively more severe SD. The present study examined hourly changes in adenosine and
NOx in microdialysates obtained simultaneously from three regions of the rat brain, the BF,
frontal associative cortex (FC) and cingulate cortex (CC) during 11h SD followed by 2h
recovery sleep. Since we have found SD-induced NOx production to be iNOS-dependent in
the BF (Kalinchuk et al., 2006b) and iNOS is regulated both at the transcriptional and
translational levels (Aktan, 2004; Kleinert et al., 2004; Calabrese et al., 2007), we also used
the same SD paradigm to examine the time course of increase in iNOS mRNA using real
time polymerase chain reaction (RT-PCR), as well as iNOS protein using Western blots. We
here report findings on the time-course of SD-dependent changes in iNOS, NOx and
adenosine, and their close correspondence with the increase in sleep propensity during
recovery sleep that follows increasing durations of SD. These data lend support to our
homeostatic cascade model: BF initially reacts to SD by -dependent NO and adenosine
release, while longer episodes of SD lead to cortical production of NO and adenosine.
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MATERIALS AND METHODS
Subjects

Male rats (Wistar, Charles River, n=174), 250–300g used in this study were kept in a room
with constant temperature (23.5–24°C) and 12-h light-dark cycle (lights on at 7:00AM).
Water and food were provided ad libitum. Animals were treated in accordance with the
Association for Assessment and Accreditation of Laboratory Animal Care and Use
Committee at Boston VA Healthcare system, Harvard University and U.S. National Institute
of Health. Every effort was made to minimize animal suffering and to reduce the number of
animals used.

Surgical preparation
Under general anesthesia (i.m. ketamine 7.5mg/100g body weight, xylazine 0.38mg/100g,
acepromazine 0.075mg/100g) all rats were implanted with electroencephalogram (EEG) and
electromyogram (EMG) electrodes. EEG electrodes were implanted epidurally over the
frontal (primary motor, AP=+2.0; ML=2.0) and parietal (retrosplenial, AP=−4.0; ML=1.0)
cortices. The electrodes were connected to a multichannel electrode pedestal (Plastic One
Inc) and fixed onto the scull by acrylic cement. Rats assigned for the measurements of
adenosine and NOx (Experiment 1, n=6) were also implanted with intracerebral guide
cannulae (CMA/Microdialysis, Stockholm, Sweden) targeting the BF and two cortical areas
which receive projections from the BF (Gaykema et al., 1990) - cingulate (CC) and frontal
associative (FC). The coordinates for the target sites were as follows: BF (horizontal limb of
diagonal band, HDB/substantia innominata, SI/magnocellular preoptic area, MCPO, AP=
−0.3, L=1.8, H=−9.0), the FC (AP=4.7, L=2.0, H=2.0) and the CC (AP=1.7, L=0.5, H=2.4)
(Paxinos and Watson, 1998) (Fig. 1A, B&C).

Recovery and adaptation
After surgery rats were housed in individual cages and were allowed 1 week of recovery
before experiments. Beginning 3 days after surgery, animals were habituated to
experimenters by daily 10min training sessions that included handling and removal from the
cages. Habituation was regarded as complete when there were no reactions of fear or
aggression when the researcher approached the cage and touched them.

After 1 week of the recovery period, animals were connected to EEG/EMG recording leads
for adaptation for 4 days. On the last day of adaptation, animals were connected to the EEG/
EMG recording cables at 7:00AM, and EEG/EMG were continuously recorded for at least
24h to monitor the stabilization of EEG and sleep-waking cycle. All efforts were made to
achieve maximal adaptation of animals to the experimental conditions and minimize
possible stress related to novelty of manipulations during experiments.

SD paradigm
In all experiments animals were sleep deprived for different periods starting at 8:00AM (1h
after lights on). SD was performed using the widely accepted technique of gentle handling
(Tobler and Borbely, 1990; Franken et al., 1991; Basheer et al., 2001; Kalinchuk et al.,
2003). Animals were kept awake by introducing novel objects into the cage when they
became sleepy or by a slight touch of a brush or hands. Only rats with less than 10% of sleep
during SD were taken for final analysis. Animals in the diurnal control groups (see
Experiments 2 and 3) were also gently handled (touched with brush or hands) for 3–5min
during episodes of spontaneous wakefulness. In this way the possibility that SD-induced
changes were evoked by sensory stimulation associated with the gentle handling procedure
rather than prolongation of wakefulness was minimized.
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Experimental paradigm
Five experiments were performed. In Experiment 1 EEG/EMG recording was accompanied
by microdialysis sample collection; in other experiments only EEG/EMG recording was
performed.

Experiment 1
Microdialysis measurements of adenosine and NOx during 11h SD (n=6): Samples were
collected simultaneously from BF, FC and CC. This experiment was performed in 2 days.
On Day 1 spontaneous sleep-wake cycle recording, accompanied by microdialysis sample
collection, was conducted between 7:00AM–7:00PM to confirm that the diurnal adenosine
and NOx levels did not fluctuate significantly during the experimental period (data not
shown). On Day 2 11h SD was performed between 8:00AM – 7:00PM. Both days, EEG/
EMG was continuously recorded between 7:00AM–7:00AM. Microdialysis samples were
collected within 1h of pre-deprivation baseline (7:00AM–8:00AM), during the 11h SD and
the 2h of recovery sleep (7:00PM–9:00PM). We used the pre-deprivation hour levels of
adenosine and NOx as baseline for comparison with later measures, as previously done for
these compounds (Porkka-Heiskanen et al., 1997; Porkka-Heiskanen et al., 2000; Kalinchuk
et al., 2006a,b). Our pilot in vitro experiments and previous studies (Porkka-Heiskanen et
al., 2000) showed that recovery of CMA microdialysis probe may decrease by 1–3% after
each day of use (for details of in vitro recovery measurements see manufacturer’s
application notes). Thus, in the case of adenosine and NOx, we did not compare SD with the
corresponding time of day (diurnal) levels in baseline samples because of the possible
difference in probe recovery during different days

Experiment 2
Measurements of iNOS mRNA (n=90): Sleep deprived rats were sacrificed at the end of
SD of 5 different durations (1h SD, 3h SD, 5h SD, 6h SD, 11h SD, n=9/group). Non-
deprived diurnal controls, sacrificed at the end of respective SD, were used for comparison
(n=9/group). Brain tissue samples were collected for analysis using RT-PCR.

Experiment 3
Measurements of iNOS protein after SD (n=48): Sleep deprived rats were sacrificed at the
end of SD of 5 different durations (1h SD, 3h SD, 5h SD, 6h SD, 11h SD, n=4/group). An
additional group (n=4) was sacrificed after 2h of recovery sleep after 11h SD. Continuous
EEG/EMG recording was performed to monitor the effectiveness of SD. Non-sleep deprived
rats sacrificed at the same diurnal times served as diurnal controls (n=4/group). Specific
brain regions (BF, FC, CC) were carefully dissected and flash frozen for iNOS protein
analysis using Western blot.

Experiment 4
Immunolabeling of iNOS+ cells in the BF and cortex after SD (n=12): Sleep deprived
rats were transcardially perfused at the end of 3h or 6h SD (n=4/group). Non-sleep deprived
rats (n=4) were perfused at the same diurnal time as 6h SD to serve as sleeping control.
Brains were collected and used for immunostaining.

Experiment 5
Measurements of EEG delta power (0.45–4.5Hz) during 2h of recovery sleep after each
SD duration of 3h, 6h and 11h (n=18): The experiment was performed over 2 days. Day 1
was always spontaneous (baseline) sleep-wake cycle recording performed between
7:00AM–7:00AM. SD of different durations (3h, 6h and 11h) was performed on Day 2 in 3
different groups of rats starting at 8:00AM; EEG/EMG recording was continued until
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7:00AM. We compared EEG delta power within the first 2h of recovery sleep and the
corresponding time bin of the baseline day.

EEG recording and analysis
Polygraphic recordings were performed using the Grass 15LT physiodata amplifier system.
Signal was captured by Gamma (version 4.2) acquisition software (Grass-Telefactor) at the
sampling rate of 256Hz. EEG recordings was visually scored at 10-sec epochs using rodent
sleep stager software (RSS version 3; Grass-Telefactor) according to previously described
criteria (Kalinchuk et al., 2006a,b). In Experiments 1–4 recordings were performed to
monitor the quality of SD. In Experiment 5, recordings were performed to analyze the
increase in EEG delta power (0.45–4.5Hz) during NREM recovery sleep after SD.
Recordings were divided into 2 h bins; the amount of slow-wave EEG power in delta range
during NREM episodes in the first 2 h after SD was compared with the corresponding time
bin on the spontaneous sleep-wake (baseline) day (BL,=100%) and the percentage
difference was calculated.

Microdialysis experiments
Dialysates were simultaneously collected from 3 brain areas – the BF, FC and CC (Fig. 1).
At least 16h prior to the beginning of experiment, 3 microdialysis probes (CMA7, 2mm
membrane length, 0.24 mm diameter; CMA/Microdialysis, Stockholm, Sweden) were
inserted through the implanted guide cannulae. During experiments, the flow rate for
artificial cerebrospinal fluid (aCSF, Harvard Apparatus, Holliston, MA) was set at 1.0 μl/
min for the probe inlet and outlet tubing (FEP tubing; CMA/Microdialysis). Samples were
collected every 30 min from the outlet tubing after it exited the cage.

Adenosine measurements using HPLC
As previously described (Porkka-Heiskanen et al., 1997; Kalinchuk et al., 2003), 10μl
microdialysis samples were analyzed with a microbore high performance liquid
chromatography (HPLC) system coupled to a Shimadzu UV detector (detection wavelength
= 258 nm). The detection limit for the assay was 0.8nM. The comparison was performed
between the concentration in samples collected during pre-deprivation baseline (BL, values
from two 30-min samples were averaged, =100%), each hour of SD and 2nd hour of
recovery sleep.

Nitrate/nitrite measurements
As no endogenous source other than NO is known for NO2

− and NO3
− (collectively NOx)

this metabolite has generally been taken as indicative of NO production (Mackenzie et al.
1996). NOx concentrations were measured using a Nitrate/Nitrite Fluorometric Assay kit
(Cayman Chemical Company, Ann Arbor, MI, USA) according to the manufacturer’s
instructions. The detection limit of the assay was 0.06 μM in the final reaction mixture. The
results were calculated as NOx. Concentrations of the samples collected during SD and
recovery sleep were normalized to the mean concentration of samples collected during the
pre-deprivation baseline (BL, 2 values were averaged, = 100%).

Tissue collection for Western blot and RT-PCR
Sleep deprived rats and their time-matched controls were sacrificed at the end of each of the
5 SD durations and 2h of recovery sleep after 11h SD (for protein measurements). Brain
tissue samples (volume ~2mm/2mm/1mm) were collected from the same brain regions
where microdialysis measurements of adenosine and NOx were made: BF (HDB/SI/MCPO),
FC and CC (Fig. 1D, E&F).
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Measurement of iNOS mRNA by RT-PCR
The RNA extracted using TRIZOL extraction buffer (Invitrogen Corporation, Carlsbad, CA)
was reverse transcribed using random hexamer and superscript II (Invitrogen Corporation,
Carlsbad, CA). Real time RT-PCR (in duplicates) was performed using Pre-made TaqMan
Gene expression primer/probe for iNOS gene (RN 00561646_m1; Applied Biosystem Inc,
Foster City, CA). Ribosomal 18SRNA (Applied Biosystem Inc, Foster City, CA) was used
as the internal control to normalize the levels of mRNA of the target gene. The difference in
the levels of mRNA expression was calculated using the comparative 2−ΔΔCT method
(Livak and Schmittgen, 2001). Comparisons were made between values in SD groups and
time-matched control samples (BL, =100%) and expressed in percentages.

Measurement of iNOS protein by Western blot
iNOS protein levels were measured as described previously (Kalinchuk et al., 2006b;
Rytkonen et al., 2008; see Supplemental Materials for details). The protein expression levels
were determined by calculating the difference in densitometric values between SD and time-
matched control samples (BL,=100%) and expressed in percentages.

Immunohistochemistry and cell counting
At the end of experiments animals designated for immunohistochemistry were transcardially
perfused with 4% formaldehyde. Brains were removed from the skull and further processed
as described in (Kalinchuk et al., 2010) (see Supplemental Materials for details).

Fos+ cells were identified by the presence of a black nucleus, and iNOS+ cells were defined
by the presence of brown cytoplasm. For counting iNOS+ cells, images were collected at
20× using a light microscope. In total, the following images were used for counting: for the
BF area, images of 5 sections per rat (4 rats/group, AP levels +0.48; +0.2; −0.26; −0.4;
−0.8; Paxinos and Watson, 1998) and for the FC – images of 2 sections per rat (AP levels
+5.20 and +4.70).

Histological verification of microdialysis probe tips location
At the conclusion of the experiments rats were euthanized with CO2, the brains were
removed and frozen. Brain sections (40μ) were cut and histology was performed to locate
the microdialysis probe tips in all three brain regions.

Statistics
Data are shown as mean ± SEM. Experiment 1. First the overall significance of SD on
levels of adenosine and NOx was assessed using the non-parametric Friedman Repeated
Measures Analysis of Variance on Ranks (Friedman RMANOVA, SigmaStat, SPSS Inc.,
Chicago, IL). Then, in planned comparisons, the significance of changes between baseline
and successive hours of SD was addressed using the Mann-Whitney Rank Sum Test (Mann-
Whitney RST). As additional information, post-hoc Mann-Whitney comparisons were done
between selected bins; their significance levels would not have survived Bonferroni
corrections. In Experiment 2, statistical significance was calculated by t-test using the ΔΔCT

values of individual samples for each group. In Experiments 3, 4 and 5, the effect of
different durations of SD on iNOS protein level, number of iNOS+ cells or recovery sleep
delta power was first assessed by Kruskall-Wallis One Way ANOVA on Ranks (Kruskall-
Wallis ANOVA) and the follow-up significance between individual groups was evaluated
using Mann-Whitney RST. In Experiment 5, the correlation between recovery sleep delta
power and the adenosine levels was evaluated using Pearson Product Moment correlation.
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RESULTS
1. Changes in adenosine level in the course of 11h SD (Experiment 1)

In the BF, the baseline level of adenosine in microdialysis samples, collected during the
pre-deprivation period (BL=100%), was 2.3±0.7nmol/l, which is comparable to previously
published data (Kalinchuk et al., 2006a). There was an overall statistically significant
increase in adenosine level during SD and recovery sleep (Friedman RMANOVA, chi-
square=41.868(12), P<0.001). As shown in Fig. 2A, adenosine levels gradually increased
within the first 6h of SD and remained elevated up to the end of 11h SD. Planned pair-wise
comparisons revealed that the first significant increase was observed after 2h SD (by
99±36%, Mann-Whitney RST, T=21.000(6), p=0.002). After 3h SD adenosine increased by
158±34% (T=21.000(6), p=0.002), after 6h – by 308±43% (T=21.000(6), p=0.002) and after
11h – by 315±115% (T=21.000(6), p=0.002). Post-hoc tests showed a statistically
significant difference between hours 3 and 6 (T=24.000(6), p=0.015), but there was no
difference between hours 6 and 11 (T=42.000(6), p=0.699) (Fig. 2A). During recovery sleep
the adenosine level showed a decline as compared to SD, however, it was higher than
baseline by 153±36% (T=21.000(6), p=0.002).

In the FC, the baseline level of adenosine was 6.0±2nmol/l. As shown in Fig. 2B, there was
an overall increase in adenosine level during SD and recovery sleep (Friedman RMANOVA,
chi-square=44.608(12), P<0.001). However, planned pair-wise comparisons revealed no
change in adenosine levels between pre-deprivation baseline and hours 1–5 (Mann-Whitney
RST, all T»27.000(6), p»0.065). The adenosine level was gradually increasing at 6h (by
58±20%, T=21.000(6), p=0.002), 7h (by 99±12%, T=21.000(6), p=0.002) and remained
elevated relative to baseline at hours 8–11 (T=21.000(6), p=0.002). After 11h it was
increased by 285±16% (T=21.000(6), p=0.002). Post-hoc evaluations showed a statistically
significant difference between hours 6 and 11 (T=22.000(6), p=0.004). After 2h of recovery
sleep, adenosine was non-significantly higher than baseline by 65±24% (T=27.000(6),
p=0.065).

In the CC, no significant increase in adenosine levels were observed during SD (Friedman
RMANOVA, chi-square=6.344(12), P=0.898, data not shown).

2. Changes in NOx level in the course of 11h SD (Experiment 1)
In the BF, there was an overall statistically significant increase in the NOx level during SD
and recovery sleep as compared to pre-deprivation baseline (BL,=100%) (Fig. 3A)
(Friedman RMANOVA, chi-square=19.135(7), P=0.008). NOx levels gradually increased
during the first 3h of SD, and remained elevated between 3h–11h SD. Planned pair-wise
comparisons revealed that the first significant increase was observed after 1h SD (68±31%,
T=21.000(6), p=0.002). After 3h SD it increased by 178±51% (T=21.000(6), p=0.002), after
5h – by 213±63% (T=21.000(6), p=0.002), after 6h by 160±62% (T=21.000(6), p=0.002)
and after 11h – by 194±37% (T=21.000(6), p=0.002). Post-hoc evaluations showed was no
statistically significant difference between hours 3 and 6 (T=40.000(6), p=0.937) or hours 6
and 11 (T=40.000(6), p=0.937). After 2h recovery sleep, NOx level still was increased by
47±44%, but this difference was not significant (T=33.000(6), p=0.349).

In the FC, there was an overall increase in NOx level during SD and recovery sleep (Fig.
3B) (Friedman RMANOVA, chi-square=15.898(7), P=0.026). However, planned pair-wise
comparisons revealed no change in NOx levels between pre-deprivation baseline and hours
1–4 (Mann-Whitney RST, all T»33.000(6), all p»0.394). NOx level was increased at 5h by
140±30%, T=21.000(6), p=0.002) and remained elevated between hours 6 (increase by
179±58%, T=21.000(6), p=0.002) and 11 (increase by 150±54%, T=21.000(6), p=0.002).
After 2h of recovery sleep, it was still increased by 42±40%, T=33.000(6), p=0.349).
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In the CC, no significant increases in NOx level were observed during SD (data not shown).

3. Changes in iNOS mRNA during SD of varying durations (Experiment 2)
Measurements of iNOS mRNA level at different time points in control group showed that
there was no statistically significant diurnal variation in the level of iNOS mRNA across 12h
in any of the brain regions (data not shown).

In the BF, increase in iNOS mRNA level was detected as early as after first 1h of SD (by
82±58%, t-test, t =2.307(16), p=0.035). It was further increased after 3h (by 114±26%,
t=2.172(16), p=0.043) and reached a plateau between hours 5, 6 and 11 (all increases »
119%, all t»2.193(16), all p«0.042) (Fig. 4A).

In FC, there was no significant change in iNOS mRNA in samples collected after SD for 1h
(decrease by 7±18%, t=0.306(16), p=0.763) and 3h (decrease by 20±22%, t=0.657(16),
p=0.520). The first significant increase was detected after 5h (by 87±43%, t=2.223(16),
p=0.040). Continued SD for 6h or 11h did not induce further increases (all increases »82%,
all t»2.327(16), all p«0.033) (Fig. 4B).

In CC, no significant changes in iNOS mRNA level were detected (data not shown).

4. Changes in iNOS protein during SD and recovery sleep (Experiment 3)
Since no change in iNOS mRNA level was detected in CC, iNOS protein in this area was
not measured. There was no statistically significant diurnal variation in the level of iNOS
protein across 12h in any of the brain regions studied (data not shown).

In the BF, there was an overall increase in the level of iNOS protein during SD and
recovery sleep (Fig. 5A) (Kruskal-Wallis ANOVA, H=16.741, P=0.010). The first
significant increase was detected after 1h SD (by 89±36%, Mann-Whitney RST,
T=10.000(4), p=0.029). It further increased after 3h (by 169±33%, T=10.000(4), p=0.029)
and plateaued between hours 5, 6 and 11 (all increases »185%, all T=10.000(4), p=0.029).
After 2h of recovery sleep, iNOS protein level was insignificantly increased by 30±14%
(T=14.000(4), p=0.343).

In the FC, there was an overall increase in the level of iNOS protein during SD and
recovery sleep (Fig. 5B) (Kruskal-Wallis ANOVA, H=17.811, P=0.007). However, there
was no significant change in iNOS protein after SD for 1h and 3h (all increases «28%,
Mann-Whitney RST, T=14.000(4), p=0.343). The first increase was detected 5h after the
beginning of SD (67±15%, T=10.000(4), p=0.029). Continuation of SD for 6h induced a
further increase (213±14%, T=10.000(4), p=0.029), which was stable at plateau level within
6h–11h SD (increase by 161±39%, T=10.000(4), p=0.029) (Fig. 5B). After 2h of recovery
sleep, iNOS protein level was insignificantly increased by 28±14% (T=14.000(4), p=0.343).

5. iNOS is induced in wake-active cells in the FC (Experiment 4)
We used immunohistochemistry to detect iNOS+ cells in the BF, FC and CC after 3h and 6h
SD. We found that iNOS+ cells were present in the BF both after 3h and 6h SD, but were
almost not detectable in control (Fig. 6F, I & L). The number of iNOS+ cells in the BF was
significantly increased between control (34±7%) and 3h SD (139±8%) (Kruskal-Wallis
ANOVA, H=9.846, P=0.001, post-hoc Mann-Whitney RST, T=26.000(4), p=0.029), and
control and 6h SD (245±7%) (T=10.000(4), p=0.029). Also there was a significant
difference between numbers of iNOS+ cells after 3h and 6h SD (T=26.000(4), p=0.029)
(Fig. 7). In the FC iNOS+ cells were detected only after 6h SD (Fig. 6D, G & J; Fig. 7), and
were not detected in the CC even after 6h SD (Fig. 6E, H & K).
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In our previous study, we showed that in the BF iNOS is induced in wake-active neurons
(Kalinchuk et al., 2010). In order to understand whether of iNOS induction in the FC
correlates with neuronal activation, we performed double-labeling with Fos antibody. We
found that, similar to the BF (Fig. 6I & L), in the FC the majority of iNOS+ cells were also
Fos+ (Fig. 6J).

6. Changes in EEG delta power after SD of varying durations (Experiment 5)
Comparisons of EEG delta power during first 2h of recovery after 3h, 6h and 11hSD to
corresponding time bins of baseline day (BL, =100%) revealed a progressive and
statistically significant increase in delta power with increasing of SD duration (Kruskal-
Wallis ANOVA, H=20.533, P<0.001) (Fig. 8A). After 3h of SD, delta power was increased
by 61±10% (Mann-Whitney RST, T=21.000(6), p=0.002) and this increase was doubled
after 6h (122±18%, T=21.000(6), p=0.002). However, further prolongation of SD up to 11h
only tripled the initial delta power increase (183±10%, T=21.000(6), p=0.002). There was a
statistically significant difference between 3 and 6h SD (T=25.000(6), p=0.026) and 6 and
11h SD (T=23.000(6), p=0.009).

7. Correlation between delta power and adenosine release
The preceding time course data indicated an initial increase in BF and then an increase in FC
adenosine. Our hypothesis is of a major role of adenosine concentration in increasing sleep
need, and we tested this hypothesis using delta power as a proxy for indexing sleep need
(Borbely, 1982). Accordingly, we correlated the increase in adenosine from its baseline to
the level after 3h SD, after 6h SD and after 11h SD with the increase in NREM delta power
over baseline within first 2h of recovery sleep after SDs of these durations. This was done
for both BF and FC.

Although there was some positive correlation between recovery sleep delta power and the
adenosine levels in each brain region, the correlations were not statistically significant
(R=0.883; P=0.311 for BF and R=0.962; P=0.176 for FC, Pearson Product Moment
correlation). Then, based on our hypothesis of a cascade of homeostatic responses, we
calculated the combined percentage increase from both regions (BF+FC adenosine levels)
after 3h, 6h and 11h SD for each rat (Fig. 8B). Averaging the values for 3h, 6h and 11h SD
over the N=6 rats showed an overall increase in adenosine level (Kruskal-Wallis ANOVA,
H=19.984, P<0.001). After 3h SD BF+FC adenosine was increased by 163±29% as
compared with BL (Mann-Whitney RST, T=21.000(6), p=0.002), after 6h SD adenosine
increased by 366±48%, (T=21.000(6), p=0.002) and after 11h SD, adenosine increased by
536±91%, (T=21.000(6), p=0.002) There was a significant difference between hours 3 and 6
(T=21.000(6), p=0.002). Of note, the BF+FC sum of percentages of adenosine increase was
positively and statistically significantly correlated with the increase in delta power
(R=0.998, P=0.036) (Fig. 8C).

DISCUSSION
The data from this study support our hypothesis of a sleep homeostatic cascade and define
the time course of adenosine, iNOS and NOx accumulation in BF, FC and CC during 11h
SD. Simultaneous microdialysis sample collection revealed that first the BF, and then the FC
show sequential increases in NOx, followed by increases in extracellular adenosine. This BF
before FC sequence was also found for iNOS. The BF adenosine/NOx increases began in the
first hour of SD and were maximal at 6h SD. In the FC, first increase was showed at 5h and
a maximum level was maintained from 6 to 11h SD. These data thus illustrate a cascade of
effects, both in the order of homeostatic factor production-- first NO-related changes, then
adenosine—and also in the brain region—first BF and then FC. To our knowledge, this is
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the first study that examined simultaneous changes in two major components of the
homeostatic cascade in three rat brain regions. The data further indicated that the effects of
adenosine in the BF and FC on homeostasis are additive. The sum of adenosine level
increases in BF and FC showed a tight correlation with the increases in intensity of delta
activity in recovery sleep allowed after 3, 6, and 12h SD. A much later component of the
homeostatic cascade is the increased binding of the adenosine A1 receptor, beginning after
12h SD with statistically significant increases after 24h in BF and after 24h in humans in
widespread cortical regions (Basheer et al., 2007; Elmenhorst et al., 2007; 2009). We thus
think that sleep homeostasis involves progressively more brain mechanisms and regions as
the sleep loss becomes more pronounced. This concept of sleep homeostasis puts sleep
control into the same conceptual domain as many physiological systems, such as, for
example, temperature and blood glucose control, where multiple systems contribute to
regulation. This also is faithful to the original definition of Cannon, who, building on
Bernard’s concept of a milieu interieur (Bernard, 1974), elaborated the concept of
homeostasis in his work with Rosenblueth (Cannon and Rosenblueth, 1949). While our
study has focused on the role of adenosine and NO-related factors, we do not intend to
exclude the presence of other sleep homeostatic factors, which are discussed in Steriade and
McCarley (2005).

We note that increases in BF adenosine up to 6h of total SD have been measured in rats and
cats, but none have examined changes in the FC and CC, cortical regions that receive
projections from BF and thus could potentially reflect BF-induced or simultaneous changes
(Porkka-Heiskanen et al., 1997; 2000; Basheer et al., 1999; Kalinchuk et al., 2003; 2006a;
McKenna et al., 2007; Blanco-Centurion et al., 2006). The only cortical study of adenosine
measurements was performed in cat lateral gyrus; this showed increases that paralleled the
BF increase, although to a lesser extent (Porkka-Heiskanen et al., 2000). In the current
study, simultaneous sampling from BF and FC allowed us to establish the precise time
course of changes in these brain regions.

Anatomical data clearly show that BF projects to FC; and our data are compatible with this
projection since they show changes in NO and adenosine in FC that could arise, at least in
part, from BF projections (Rye et al., 1984; Saper 1984; Woolf et al., 1986; Gaykema et al.,
1990; Gritti et al., 2003; Henny and Jones, 2008). In rats characterization of pre- and post-
synaptic constituents of the BF projections to the prefrontal cortex established the presence
of dense projections to both medially located prelimbic cortex and lateral prefrontal cortex,
locations of the microdialysis probes in the present study (Gaykema et al., 1990). A sleep-
related decrease in the BF excitation of FC is in accord with the frontal increase in delta
EEG power during sleep found in both rodents and humans (Huber et al., 2000; Douglas et
al., 2002; Muzur et al., 2002), and with the observation of decreased metabolic rate in
frontal cortex during sleep in humans (Nofzinger et al., 2002).

The absence of changes in CC is notable and also somewhat puzzling since CC also receives
projections from BF (Henny and Jones, 2008). However, a rat study of kainate lesions of BF
failed to show any effect on the multiple unit activity recorded from the CC (area 29) during
wake, NREM sleep and REM sleep (Borst et al., 1987). This was in contrast to changes
observed with kainate lesions of the medial septum, thus suggesting that the electrical
activity of CC neurons is predominantly modulated by medial septum (Borst et al., 1987). It
is also possible that the differences in FC and CC may be related to the functional
differences, with FC involved in higher order cognition and attention and the CC involved in
more limbic, emotional and motivational functions, as revealed by imaging studies in
humans (Bush et al., 2002; Koo et al., 2008). The FC region studied by is usually considered
homologous to primates’ dorsal prefrontal cortex (Douglas et al., 2001; Fuster, 2001; Van
Dort et al., 2009), which plays an important role in cognition including control of attention
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and working memory (Gabrieli et al., 1998; Fletcher and Henson, 2001). Of note, these
functions are impaired after SD both in rats and humans (Cordova et al., 2006; McCoy et al.,
2007; Christie et al., 2008; Muzur et al., 2002; Sarter et al., 2003). In a 5-choice serial
reaction time task in rodents, attentional impairment correlated with sleep pressure: short-
term SD (4h) induced only small and insignificant increases in the latency of correct
responses as compared to 7h and 10h SD (Cordova et al., 2006).

A widely accepted marker of the homeostatic sleep response is NREM EEG delta activity
(0.5–4.5 Hz) during recovery sleep that follows periods of wakefulness (Tobler and Borbey,
1986). Our data strongly suggest that, with longer-term SD, adenosine’s action on both BF
and FC jointly contribute to homeostatic sleep pressure, since the sum of adenosine levels
from these two regions closely correlates with the progressive increase in recovery sleep
intensity, as measured by NREM delta activity. There is ample evidence for the mechanisms
by which BF adenosine acting via the A1R facilitates delta activity. In the BF adenosine
postsynaptically inhibits cholinergic neurons by activating IKir current and non-cholinergic
neurons by a reduction of the Ih current (Arrigoni et al., 2006). It is suggested that adenosine
can promote delta activity during recovery sleep via reduction of the cholinergic tone which
inhibits burst-pause firing patterns (McCormick et al., 1993) by acting at cholinergic nuclei
in the BF and thus reducing cholinergic input to the cortex and thalamus (Rainnie et. al.,
1994; Arrigoni et al., 2006) or directly by inhibiting cortical acetylcholine release at the
terminal fields of thalamocortical cells (Materi et al., 2000). Recently, it has been shown that
A1R-mediated inhibition of acetylcholine release in FC (prefrontal cortex, an area similar to
our current study) decreases wakefulness and promotes slow EEG activity (Van Dort et al.,
2009), the effects similar to those described for the BF (Basheer et al., 2004; McCarley,
2007).

There are several lines of evidence indicating the role for NO in the induction of sleep
(Kapas et al., 1994a,b; Dzoljic and De Vries, 1994; Kapas and Krueger, 1996; Monti et al.,
1999; Monti, Jantos, 2004). Several studies confirmed the role of neuronal NOS (nNOS), the
constitutively expressed isoform of NOS in the brain, in the regulation of spontaneous sleep-
waking cycle (Dzoljic et al., 1996; Dzoljic et al., 1997; Williams et al., 1997; Burlet et al.,
1999). In contrast to that, we found that SD-induced NO and recovery sleep after SD are
dependent on the activity of iNOS (Kalinchuk et al., 2006b; Kalinchuk et al., 2010). Our
previous study demonstrated a close and sequential link between SD-induced iNOS/NO and
extracellular adenosine in the BF, thus providing evidence in support of NO’s role in the
adenosinergic homeostatic cascade (Kalinchuk et al., 2006a,b). We showed previously that
inhibition of iNOS activity lead to the attenuation of both recovery sleep and adenosine
release during SD (Kalinchuk et al., 2006b). The current study confirms the temporal
relationship between NO and adenosine in BF and FC. Importantly, we showed that SD-
induced iNOS expression is regulated at the transcriptional level, and is associated with
increases in both iNOS mRNA and protein. Transcriptional induction of iNOS mRNA after
SD occurs very quickly, within the first hour of SD. The majority of the literature describes
iNOS induction in the brain as a slower process and it is assumed that its induction might
need a lag period of 2–6h (Lowenstein and Padalko, 2006), however similar rapid induction
of iNOS mRNA was also reported, for example, in brain hypoxia (Udayabanu et al., 2008)
or a model of Alzheimer’s disease (Medeiros et al., 2007). In contrast to pathological
conditions, triggering of iNOS induction in the BF and FC in response to sleep loss is
suggestive of a neuroprotective mechanism, through which adenosine release prevents over-
activation and related neuronal damage. It is still unknown how NO stimulates adenosine
release: the pathways might include the inhibition of adenosine kinase, the enzyme which
converts adenosine to AMP (Rosenberg et al., 2000) or increasing ATP hydrolysis (Brorson
et al., 1998). Data indicate that cholinergic neurons in the BF are especially sensitive to NO
(McKinney and Jacksonville, 2005), thus they might be the first to sense the changes in NO
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level during SD and respond to it by adenosine release. Alternatively, adenosine might be
released from astrocytes (Halassa et al., 2009).

Finally, we note that the literature has suggested many potential sleep factors, of which NO
and adenosine have been the topic of the present paper (see review in Steriade and
McCarley, 2005). In relation to other sleep factors, we note that tissue damage from
microelectrode probes and consequent cytokine release, other tissue damage factors, or
altered blood flow are unlikely to play a role in the present findings since probes were
inserted at least 16h before microdialysis collection began and each brain region did not
show a NO and adenosine response during the 24h of spontaneous sleep preceding SD.

In summary, the data presented in this report show a progressive homeostatic cascade for
sleep. The cascade occurs both in the order of homeostatic factor production-- first NO-
related changes, then adenosine—and also in the brain region first—BF and then FC. This
concept of sleep homeostasis puts sleep control into the same conceptual domain as many
physiological systems, such as, for example, temperature and blood glucose control, where
multiple systems are recruited for regulation according to the severity of disturbance.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic illustration of the sites of measurements
(A,B,C) Localization of microdialysis probe tips for adenosine and NOx measurements. (D,
E, F) Brain regions dissected for iNOS mRNA and iNOS protein measurements. (A, D) –
frontal cortex, FC; (B, E) – cingulate cortex CC; (C, F) – the basal forebrain, BF. Section
sketches and location are from Paxinos and Watson (1998).
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Figure 2. Changes in adenosine levels in the course of 11h SD in the BF (A) and FC (B)
BL (baseline, 100%) = adenosine level in pre-deprivation samples (average of 2 samples).
(A). Increase in the BF becomes significant relative to baseline after 2h of SD, continues
increasing through 6h SD and remains elevated until recovery sleep (RS) is allowed. (B) A
significant increase in the FC relative to baseline begins after 6h SD, levels continue
increasing until 8h, and then remain elevated until RS. * = p < 0.05, difference vs. BL.
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Figure 3. Changes in NOx levels in the course of 11h SD in the BF (A) and FC (B)
BL (baseline, 100%) = NOx level in pre-deprivation samples (average of 2 samples). (A)
Increase in the BF is significant after 1h of SD, reaches a maximal value at 3h SD, and
remains elevated. The values at 5h, 6h and 11h are statistically different from BL and not
statistically different from 3h value. (B) Increase in the FC becomes statistically significant
only after 5h SD. *, p=<0.05, difference vs. BL.
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Figure 4. Time course of changes in iNOS mRNA in the BF (A) and FC (B)
BL (baseline, 100%) = iNOS mRNA level in non-SD diurnal control samples. (A) In the BF,
levels of iNOS mRNA significantly and progressively increase after 1h and 3h of SD, and
remain elevated through the 11h of SD. (B) In the FC iNOS mRNA significantly increases
only after 5h SD. *, p=<0.05, difference vs. BL.
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Figure 5. Time course of changes in iNOS protein in the BF(A) and FC (B)
BL (baseline, 100%) = iNOS protein level in non-SD diurnal control samples. (A) In the BF
the level of iNOS protein significantly increases after 1h and 3h SD, and remains elevated
until recovery sleep (RS) was allowed. (B) In the FC, iNOS protein became significantly
increased at 5h SD, later than in BF. *, p=<0.05, difference vs. BL.
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Figure 6. Immunolabeling of iNOS+ and Fos+ cells in the BF and cortex in control animals and
animals after 3h and 6h SD
(A,B,C) Areas in the FC (A), CC (B) and the BF (C) which are shown in photomicrographs
are indicated by squares. (D,E,F) In controls, iNOS+ cells were absent in any of areas
studied. Only rare Fos+ cells could be identified. (G, H, I) After 3h SD, iNOS+ cells were
absent in the FC (G) and CC (H), but were present in the BF (I). In the BF they were co-
localized with Fos+ staining. (J, K, L) After 6h SD, iNOS+ cells were detected both in the
FC (J) and the BF (L) but not the CC (K). In the FC iNOS+ staining was also co-localized
with Fos+ staining.
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Figure 7. The numbers of iNOS+ cells in the BF and FC in control and after 3h and 6h SD
*, p=<0.05, difference vs. BL; †, p=<0.05, difference vs. SD of shorter duration.
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Figure 8. Correlation of NREM EEG delta power (0.45–4.5Hz) and adenosine increase
(A) Increase in NREM EEG delta power over baseline (BL,=0) within first 2h of recovery
sleep. Delta power increases progressively following 3h, 6h and 11h SD. (B) Sum of
adenosine increase in the BF and FC over baseline (BL,=0). Combining the AD levels
measured in BF and FC reveals a progressive increase following 3h, 6h and 11h SD and
matches the pattern of delta power increase. (C) The strong positive correlation between
EEG delta power and BF + FC adenosine increase after 3h, 6h and 11h SD. *, p=<0.05,
difference vs. BL; †, p=<0.05, difference vs. SD of shorter duration.
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