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Basal Forebrain Lactate Release and Promotion of Cortical
Arousal during Prolonged Waking Is Attenuated in Aging
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The wake-promoting basal forebrain (BF) is critically involved in sustaining cortical arousal. In the present study, we investigated how
aging affects the capacity of the BF to cope with continuous activation during prolonged waking. Increased neuronal activity induces
lactate release in the activated brain area, and BF stimulation increases cortical arousal. We used in vivo microdialysis to measure lactate
levels in the BF, and electroencephalography (EEG) to measure cortical arousal, during 3 h sleep deprivation (SD) in three age groups of
rats. Lactate increased during SD in young but not in aged (middle-aged and old) rats. The increase in high-frequency (HF) EEG theta
power (7–9 Hz), a marker of cortical arousal and active waking, was attenuated in the aged. Furthermore, a positive correlation between
BF lactate release and HF EEG theta increase was found in young but not in aged rats. We hypothesized that these age-related attenuations
result from reduced capacity of the BF to respond to increased neuronal activation. This was tested by stimulating the BF with glutamate
receptor agonist NMDA. Whereas BF stimulation increased waking in young and old rats, lactate increase and the HF EEG theta increase
were attenuated in the old. Also, the homeostatic increase in sleep intensity after SD was attenuated in aged rats. Our results suggest that
an age-related attenuation in BF function reduces cortical arousal during prolonged waking. As the quality of waking is important in
regulating the subsequent sleep, reduced cortical arousal during SD may contribute to the age-related reduction in sleep intensity.

Introduction
Wakefulness is a metabolic challenge for brain regions respon-
sible for arousal (Porkka-Heiskanen et al., 2002; Cirelli, 2006;
Vyazovskiy et al., 2008), and it has been suggested that during
prolonged waking supplementary energy stores are used to sus-
tain neuronal activity (Benington and Heller, 1995). Aging is
associated with changes in sleep–wake architecture, including
vigilance state fragmentation (i.e., the inability to maintain pro-
longed periods of wake and sleep), and attenuated homeostatic
sleep response to sleep deprivation (Carskadon et al., 1982;
Buysse et al., 1992; Ohayon et al., 2004; Cajochen et al., 2006). In
addition, reduced capacity of the brain cells to cope with chal-
lenges, such as increased activity or energy demand, is re-
ported during aging (Toescu and Xiong, 2004). Yet, it is not
well known how these age-related cellular changes affect
sleep–wake regulation.

The cholinergic basal forebrain (BF), an important area in
regulation of wakefulness and cortical arousal (Jones, 2008;
Parikh and Sarter, 2008), is selectively sensitive to both prolonged
waking (Basheer et al., 2004) and to aging (Schliebs and Arendt,
2006). Healthy aging is associated with morphological and func-
tional changes in the BF (Armstrong et al., 1993; Sarter and

Bruno, 2004; Murchison and Griffith, 2007; Baskerville et al.,
2008). During prolonged waking, the wake-promoting BF cells
are continuously active, which increases energy demand (Wigren
and Porkka-Heiskanen, 2009), extracellular levels of nitric oxide
(Kalinchuk et al., 2006b), and energy metabolites adenosine and
lactate (Porkka-Heiskanen et al., 1997; Kalinchuk et al., 2003).

Several lines of evidence now indicate that lactate, released
from astrocytes in response to enhanced or sustained neuronal
activity, is used as an energy fuel in active neurons (Pellerin et al.,
2007). This activity-dependent lactate release has been detected
in the activated brain areas during sensory and cognitive stimu-
lations in humans (Prichard et al., 1991; Sappey-Marinier et al.,
1992; Urrila et al., 2003) or during behavioral or experimental
neuronal activation in animals (Kuhr and Korf, 1988; Hu and
Wilson, 1997; Ros et al., 2006; Caesar et al., 2008). In the BF,
extracellular lactate level increases during sleep deprivation
(SD) when rats are kept awake by presentation of novel objects
(Kalinchuk et al., 2003), which stimulates active waking (Huber
et al., 2007) and electroencephalographic (EEG) theta (5–9 Hz)
activity (Vyazovskiy and Tobler, 2005; Wigren et al., 2007; Kaur et
al., 2008).

Theta activity in rodents is generally regarded as a marker of
cortical arousal (Vinogradova, 1995; Kahana et al., 2001) and
particularly the higher theta frequencies (�7–9 Hz) correlate
with active wake (Maloney et al., 1997; Young and McNaughton,
2008). Glutamatergic stimulation of the BF increases active
waking, high-frequency (HF) EEG theta power and BF lactate
level (Cape and Jones, 2000; Wigren et al., 2007), indicating
that the lactate increase in the BF follows from increased neu-
ronal activity occurring during EEG theta enriched active
waking.
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We tested the hypothesis that BF neuronal activity and the
following lactate increase are important in sustaining waking and
cortical arousal during SD, and that in aging this mechanism is
attenuated. Using in vivo microdialysis, we measured BF lactate
levels during 3 h SD and during sustained BF stimulation
(NMDA infusion) in three age groups of rats (young, middle-
aged, old). EEG was recorded to monitor vigilance states and
cortical arousal during and after the experiments.

Materials and Methods
Animals and surgery
All animal procedures were approved by the University of Helsinki Eth-
ical Committee for Animal Experiments and by the Regional Committee
of the State Provincial Office and performed according to applicable
national and European Union legislation. Three age groups of male Han-
nover Wistar rats: young (Y) (3– 4 months; 362 � 7 g; n � 17), middle-
aged (M) (12–14 months; 561 � 24 g; n � 11), and old (O) (23–25
months; 676 � 35 g; n � 13) were housed on a 12 h light/dark cycle (lights
on at 8:30 A.M.) at constant temperature (�22 � 1°C). Food and water
were provided ad libitum. Animals were gradually habituated to handling
at least 1 week before surgery.

Under general anesthesia (2.5 mg/kg, i.p., diazepam; 0.4 mg/kg, i.p.,
medetomidine; 60 mg/kg, i.p., ketamine; dosages were adjusted accord-
ing to age), rats were placed in a stereotaxic instrument (David Kopf
Instruments) and implanted with the following: (1) chronic epidural
EEG electrodes and dorsal nuchal electromyogram (EMG) electrodes for
studying vigilance states and EEG activity, and (2) with microdialysis
guide cannula (CMA 11 guide; CMA/Microdialysis) for subsequent in-
sertion of microdialysis probe. The bipolar screw EEG electrodes were
placed frontoparietally to the skull: 2 mm rostral, 2 mm lateral from
bregma, and 4 mm rostral, 1 mm lateral from lambda. The microdialysis
guide cannula was inserted unilaterally 2 mm above the basal forebrain
area: 0.3 mm posterior, 2 mm lateral, and 5 mm ventral to bregma. The
guide cannula and the electrode connector were fixed to the skull with
acrylic dental cement.

After surgery, rats were single-housed in Plexiglas boxes and allowed
to recover from 1 up to 2.5 weeks. They were then connected to flexible
counterbalanced cables for EEG/EMG recording and habituated to re-
cording cables for 2–3 d. The experiments were not started until their
behavior and sleep–wake cycle had normalized.

In vivo microdialysis and EEG/EMG recording
We used in vivo microdialysis for collection of lactate samples and for
glutamatergic stimulation of the BF [reverse microdialysis of 0.3 mM

NMDA (Sigma-Aldrich) in perfusion fluid] as in the studies by Kalin-
chuk et al. (2003) and Wigren et al. (2007).

Twenty hours before the first experiment, microdialysis probes (CMA
11 probe; membrane length, 2 mm; diameter, 0.24 mm; mean recovery
rate, 10%; CMA/Microdialysis) were lowered through the guide cannula
into the BF. On the day of the experiments between 9:00 and 10:00 A.M.,
rats were connected to the EEG/EMG recording cables and to the in vivo
microdialysis tubing. Tubing were connected to the microdialysis syringe
pump (CMA/Microdialysis) and continuous perfusion (1 �l/min) of
artificial CSF (aCSF) (147 mM NaCl, 3 mM KCl, 1.2 CaCl2, 1 mM MgCl)
took place throughout the 6 h in vivo microdialysis period between 10:00
A.M. and 4:00 P.M.

The EEG/EMG signal was fed to an eight-channel digital amplifier
(Cyber Amp 380; Molecular Devices), amplified (gain, 10,000), ana-
logically filtered (high pass, 0.4 Hz; low pass, 40 Hz), digitized at 104
Hz with 1401 unit (CED), monitored on-line during the experiments,
and stored on a computer using Spike2 software (CED) for additional
off-line analysis.

Experiments
For each experiment, collection of 30 min (30 �l) samples was started at
10:00 A.M. and continued for 6 h until 4:00 P.M. (together, 12 samples
were collected). Samples were stored at �80°C. At the end of the micro-
dialysis period, animals were disconnected from the microdialysis tubing
while the EEG/EMG recording was continued until the next morning

(9:00 A.M.). During the first experimental day [baseline day (BL)], ani-
mals were left undisturbed (except for connecting/disconnecting of
microdialysis tubing in the beginning and end of the microdialysis
period) to allow spontaneous sleep–wake behavior to occur. On the
following days, two types of experiments were performed: either sleep
deprivation or glutamatergic stimulation of the BF. Before treat-
ments, aCSF perfusion alone was performed for 2–3 h to collect sam-
ples for the determination of the pretreatment lactate level. Between
9:00 and 10:00 A.M. of the experimental days, animals were con-
nected to microdialysis tubing and therefore EEG data from this time
point were not recorded.

Prolonged waking/SD. To keep animals awake and to evoke active wak-
ing and exploratory behavior; novel objects (including wooden blocks,
new bedding material, and stretchable strings) were introduced to rat
cages. To increase sleep pressure and to induce subsequent recovery
sleep, SD was continued for 3 h. Whenever animals appeared sleepy or
slow waves were visible in the EEG, new objects were introduced and/or
the cage was gently tapped. This method is referred to as SD by gentle
handling in the literature (Franken et al., 1991). After the end of the 3 h
treatment period, animals were left undisturbed for recovery sleep re-
cording until the next morning. If an animal was used for both experi-
ments, SD was always performed first and minimum 48 h was allowed
between experiments.

Glutamatergic stimulation (NMDA) of the BF. To study the mecha-
nisms of lactate release in the BF and to activate the animals without the
presence of the experimenter, the BF was stimulated with NMDA [in vivo
microdialysis fluid (aCSF) was switched to 0.3 mM NMDA in aCSF for 3
h]. At the end of NMDA treatment, microdialysis fluid was switched back
to aCSF for 1 h to allow wash-off time before disconnection of the mi-
crodialysis tubing and start of undisturbed recovery sleep recording.
Stimulation of the BF with this concentration has previously been shown
to increase neuronal activation, to increase cortical arousal, to induce
waking, to promote exploratory behavior, and to increase waking EEG
theta power (Page et al., 1993; Manfridi et al., 1999; Cape and Jones, 2000;
Wigren et al., 2007). NMDA-induced waking also increases homeostatic
sleep pressure as it was previously shown to induce subsequent recovery
sleep (Wigren et al., 2007).

HPLC
Microdialysis samples were assayed for lactate as in the study by
Hallström et al. (1989) using HPLC system (Shimadzu) for separation,
and UV spectrophotometer (Waters Corporation) for detection. Detec-
tion limit/signal-to-noise ratio was 10 �M/3:1, respectively (Grob, 1985).
Lactate concentration was determined by comparing sample peak areas
with those of standards using CLASS VP software (Shimadzu). To min-
imize day-to-day variation, baseline lactate concentrations for each ani-
mal were determined as a mean value of samples collected during the
baseline day and during the pretreatment periods of the treatment days.
To detect lactate responses to SD or to glutamatergic stimulation, sam-
ples collected during the treatments were normalized to the samples
collected from the pretreatment period of the same day for each individ-
ual animal. To correlate lactate release with EEG theta activity during SD,
individual 30 min samples (every other sample; together, six samples per
rat) were normalized to the pretreatment level and matched with EEG
data of the corresponding 30 min collection period. The dead volume of
the microdialysis tubing was taken into consideration when matching
samples with EEG data.

Histological verification of probe location
After the end of the experiments, animals received a lethal dose of pen-
tobarbital (100 mg/kg). Color ink was injected through a modified mi-
crodialysis probe to mark the location of the probe tip. The brains were
removed, frozen on dry ice, and stored at �80°C. Twenty micrometer
coronal frozen sections were cut using a freezing microtome, stained with
toluidine blue, coverslipped, and visually inspected under a light micro-
scope to verify the location of the probe tip using rat brain atlas (Paxinos
and Watson, 1998). Only those rats with probe locations in a close vicin-
ity of the target area (BF) including horizontal diagonal band of Broca
(HDB), substantia innominata (SI), magnocellular preoptic area
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(MCPO), lateral preoptic area (LPO) and the
basal nucleus of Meynert (B) were included in
the analysis. Probe tip locations are shown in
Figure 1. Off-target experiments (probes out-
side the BF) were not included in the present
study as the site-specific (outside BF compared
with BF probes) extracellular lactate increase
during 3 h SD in young rats has repeatedly been
shown previously (Kalinchuk et al., 2003,
2006b).

Scoring and analysis of vigilance states
Before analysis, all EEG traces were digitally
high-pass filtered (0.8 Hz cutoff). We used
semiautomatic scoring of slow-wave sleep
(SWS) in 30 s epochs as in the studies by Kalin-
chuk et al. (2003) and Stenberg et al. (2003) to
measure the overall distribution and amount
of SWS (the 23 h sleep pattern) during the BL
and experimental days. Rapid eye movement
(REM) sleep was scored manually. Wake ep-
ochs and the number of state transitions
(number of shifts among behavioral states:
wake^SWS^REM3wake) were calculated
from these two scores.

All the recordings that were used for
power-spectral analysis (the microdialysis
period between 10:00 A.M. and 4:00 P.M.
and the subsequent 3 h postmicrodialysis re-
covery period) were scored manually in 5 s
epochs with Spike2 sleep scoring script
Sleepscore, version 1.01 (CED), according to
standard criteria: SWS was recognized as
high-amplitude EEG associated with low-
voltage EMG and presence of slow delta
(0.8 – 4 Hz) oscillations in the EEG, REM
sleep as low-amplitude, high-frequency EEG
with absence of EMG and presence of prom-
inent EEG theta (5–9 Hz), and waking as
low-amplitude, high-frequency EEG with
high-voltage EMG. Artifacts or epochs with
mixed states were marked and excluded from
power spectral analysis.

Two additional measures were applied to investigate the behavior of
the rats during SD as follows.

Number of sleep bouts. Sleep bouts were defined as more than one 5 s
epoch scored as SWS. As rats were always activated when they appeared
sleepy or slow waves occurred in the EEG, this measure also reflects the
number of interventions needed to keep the rats awake during SD.

Number of high EMG activity bouts. SD increases exploratory behavior
and it is associated with increased movement (i.e., increased muscle ac-
tivity). To control for the possible age differences in moving activity, we
counted the number of high EMG activity bouts with a custom-made
Spike2 script. The total EMG power (fast Fourier transformation routine
in Spike2) of the 23 h EMG recording was calculated first and based on
this mean value of the total EMG power, the script automatically scored
the EMG data either as high activity or as low activity in 5 s epochs.
Because a mean value of the total EMG power over the whole recording
was used to define the threshold, only the high EMG activity bouts (e.g.,
when the rat was actively moving around) were determined as high ac-
tivity. From most of the 23 h EMG recordings of the BL and SD, the script
accurately recognized the activity period of the rats during the dark
period and the SD period. Rats, in which these periods were not
recognized by the script, were discarded from the analysis of activity
bouts during SD.

Power spectral analysis of the EEG
EEG power (in square microvolts) spectra of the manually scored EEG
data were generated in Spike2 (CED) separately for consecutive 5 s wake
and SWS epochs [fast Fourier transform routine (FFT), 256; Hanning

window, 0.4 Hz resolution] within a frequency range of 0.8 –35 Hz and
averaged over the time period that was investigated (6 h between 10:00
A.M. to 4:00 P.M. for the baseline, 3 h for the treatment periods, and 3 h
for the posttreatment recovery periods of SD and NMDA). These spectra
were always normalized to total power of the same recording period
before additional analysis. To study the effects of treatments (SD,
NMDA) compared with BL, the spectra of the 3 h treatment periods and
the 3 h posttreatment periods were always compared and/or normalized
to the corresponding spectra of the BL day. Waking theta power was
defined as 5–9 Hz [low frequency (LF) theta as 5–7 Hz; HF theta as 7–9
Hz] and gamma power as frequencies �30 Hz. We used waking EEG
theta as a measure of cortical arousal and wake quality and calculated the
ratio of HF theta versus LF theta because LF theta correlates with quiet
waking and HF theta with active waking (Maloney et al., 1997; Young and
McNaughton, 2008).

SWS delta and recovery sleep
Prolonged waking invariably leads to homeostatic recovery sleep re-
sponse: increases in SWS duration and SWS delta power (Tobler and
Borbély, 1990). To test whether treatments (SD, NMDA) induced recov-
ery sleep, we calculated SWS delta power (defined as 0.8 – 4 Hz) and SWS
amount from the posttreatment EEG recordings and compared them
with the corresponding time points of the BL day.

Statistical analysis
Statistical analyses were performed using SigmaStat 3.1 (SPSS Science
Software). Statistics were applied (1) to study the effect of treatments
(SD, NMDA) within an age group (“within an age group compari-

Figure 1. Probe tip locations. Young (F), middle-aged (*), and old (E) are shown. Colored ink injected through a
modified microdialysis probe was used to mark the location of the probe tips. All probe tips were located between
anterior–posterior levels of �0.92 and �0.26 mm (Paxinos and Watson, 1998). If more than one tip was situated on the
same spot, only one representative mark is shown in the figure. A representative coronal brain section showing the
microdialysis probe track is shown in the bottom right corner. B, Basal nucleus of Meynert; HDB, nucleus of the horizontal
limb of diagonal band; LPO, lateral preoptic area; VLPO, ventrolateral preoptic nucleus; MCPO, magnocellular preoptic area;
SIB, substantia innominata.
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sons”) and (2) to compare age groups (“between age groups compar-
isons”). Before comparing the effect of treatments between age
groups, the data were normalized: the power spectra and the vigilance
state counts were normalized to the corresponding time points of the
BL day within an individual animal, whereas lactate levels of the treatment

period were normalized to the pretreatment level
within an individual animal.

For simple comparisons of independent
variables, we used two-tailed Student’s t tests to
compare two variables, or one-way ANOVA if
more than two variables were compared. To
isolate which variable(s) differed from the oth-
ers, one-way ANOVA was followed by Holm–
Sidak multiple-comparison procedure as a post
hoc test. For simple comparisons of dependent
variables, we used paired t tests (two variables
such as pretreatment vs treatment) or one-way
repeated measures of ANOVA (more than two
variables such as vigilance states in time series
or EEG power in frequency bins). For com-
bined analysis of independent and dependent
variables, we used two-way repeated measures
of ANOVA. In these analyses, the treatment or
age was set as an independent variable and EEG
measures (such as vigilance states in time series
or power in frequency bins) were set as depen-
dent variables. Holm–Sidak was used as a post
hoc test. In case the data were not normally
distributed, equivalent nonparametric tests
were applied: one-way ANOVA was replaced
with Kruskal–Wallis one-way ANOVA on
ranks followed by Dunn’s comparison. For
correlation analysis, Pearson’s product mo-
ment correlation was used. A value of p � 0.05
was considered statistically significant. Data
are shown as mean � SEM; statistical signifi-
cances are denoted with hash symbols (#) for
the within an age group comparisons and with
asterisks (*) for the between age group com-
parisons. Age groups are indicated as follows:
young rats with Y (black circles; F); middle-
aged rats with M (crosses; �), and old with O
(open circles; E).

Results
Baseline
The 23 h sleep–wake pattern
The 23 h (from 10:00 A.M. to 9:00 A.M.)
baseline sleep–wake profile (percentage of
time spent in SWS, in REM sleep, and the
mean number of state transitions) in 1 h
time bins can be found in supplemental
Table 1 (available at www.jneurosci.org as
supplemental material). A statistically sig-
nificant reduction of SWS amount in the
old (n � 13) compared with young (n �
11) rats was found during the second,
third, and fourth hour of the BL recording
(two-way repeated-measures ANOVA
with Holm–Sidak; F(44) � 1.450; p �
0.032). However, most differences be-
tween age groups were found in the num-
ber of state transitions: the middle-aged
and the old had more state transitions
than the young (two-way repeated-
measures ANOVA with Holm–Sidak;
F(44) � 1.421; p � 0.041).

Vigilance states during the 6 h in vivo microdialysis period
All rats slept on average 60% of the time (SWS, 50 � 1%; REM,
10 � 1; n � 35). Statistically significant differences between the

Figure 2. Baseline. A, BF lactate. Boxplots show the BL lactate concentration (in micromoles per liter) in the BF of young (Y)
(n � 17), middle-aged (M) (n � 9), and old (O) (n � 13) rats. To control for the day-to-day variation in lactate levels, mean lactate
concentrations were calculated from all samples collected during BL in vivo microdialysis period as well as from samples collected
during the pretreatment periods of the treatment days. Old rats had lower lactate concentration than middle-aged or young rats.
Statistical significance between the age groups (one-way ANOVA followed by Holm–Sidak) is indicated with asterisks (*). Group
mean concentration is denoted with dashed horizontal lines inside the boxes, whereas solid horizontal lines mark the median
concentration. Outliers within an age group are shown as black dots. Error bars mark the �SEM level. B, C, EEG power spectra. To
assess cortical arousal during the baseline in vivo microdialysis period (10:00 A.M. to 4:00 P.M.), we created vigilance state-specific
mean EEG power spectra from the manually scored EEG epochs. The mean (�SEM) EEG power (percentage of total power; y-axis)
of wake (B) and SWS (C) is plotted for the entire spectral range (frequencies between 0.8 and 35 Hz in 0.4 Hz bins; x-axis). The
frequency ranges, in which the major statistically significant differences (two-way repeated-measures ANOVA followed by
Holm–Sidak) between the aged (M or O) and the young were found, are highlighted with gray background panels and
shown in a larger resolution in the top right panels. In the high-resolution image of B, the LF theta (5–7 Hz) and the HF
theta (7–9 Hz) are separated by a vertical dashed line. The individual 0.4 Hz frequency bins in which a statistical signifi-
cance ( p � 0.05) between the aged (M or O) and the young was found are indicated with asterisks (*). Age groups are as
follows: Y (F; n � 17), M (�; n � 5), O (E; n � 13).
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age groups in the time spent in SWS, REM
sleep, or wake (calculated as mean 6 h val-
ues) were not found (data not shown).

BF lactate
There was an age-dependent reduction in
baseline lactate level (one-way ANOVA;
F(2) � 10.118; p � 0.001): old rats (n �
13) had lower lactate concentration than
the middle-aged (n � 9) or young (n �
17) (Holm–Sidak; p � 0.004 and p �
0.001, respectively) (Fig. 2A). To control
for day-to-day variation in lactate levels,
mean BL lactate concentrations were cal-
culated from all samples collected during
the BL microdialysis period as well as
from samples collected during the pre-
treatment periods of the treatment days.

EEG power spectra of the in vivo
microdialysis period
To assess cortical arousal during waking
and sleep intensity during SWS, vigilance
state-specific mean EEG power spectra
(frequencies between 0.8 and 35 Hz, in 0.4
Hz bins) were calculated by averaging
over all the 5 s wake or SWS epochs within
the 6 h in vivo microdialysis period, and
the age groups were compared (nY � 17;
nM � 5; nO � 13). Statistically significant
interactions between age and frequency in
the wake EEG power (two-way repeated-
measures ANOVA followed by Holm–
Sidak; F(168) � 8.242; p � 0.001) were
found in the delta (0.8 – 4.0 Hz) and in
theta (5–9 Hz) frequency ranges (Fig. 2B).
The peak frequency of waking theta was
6.5 Hz in the young but had shifted to 6.1
Hz in the middle-aged and the old (Fig.
2B, right panel). Old rats also had more
power in the LF theta range.

In the SWS EEG power, statisti-
cally significant interaction between age
and frequency (two-way repeated-measures
ANOVA followed by Holm–Sidak, F(168)

� 5.133; p � 0.001) was found in the delta
range between the old and the young, and
between the middle-aged and the young
(Fig. 2C, top right panel). In the theta
range, differences were found between the young and the old
(Fig. 2C, left panel).

Sleep deprivation
Before sleep deprivation, in vivo microdialysis samples were col-
lected for the determination of the pretreatment lactate level.
During this period, statistically significant differences between
the age groups in the time spent in sleep or wake were not found
(data not shown). During SD, rats were awake 95.7 � 1% of the
time (Y, 98.6 � 0.6%, n � 10; M, 97.9 � 1.2, n � 5; O, 92.7 � 1.1,
n � 13).

BF lactate
In young rats, lactate concentration increased significantly dur-
ing SD compared with the pretreatment level (paired t test; n �

10; t(9) � 2.922; p � 0.017). This is in agreement with previous
studies from our laboratory (Kalinchuk et al., 2003, 2006b; Wi-
gren et al., 2007). In contrast, significant lactate responses were
not detected in middle-aged or old rats, and there was a statisti-
cally significant difference in the lactate response between the
young and the old (Kruskal–Wallis one-way ANOVA on ranks
with Dunn’s; H(2) � 9.662; p � 0.008) (Fig. 3A).

Waking EEG power spectra
Mean EEG power spectra of the 3 h SD period compared with BL
spectra of the corresponding time period is shown in figure (Fig.
3B). During SD, EEG power decreased (compared with BL) in all
age groups in the delta (0.8 – 4 Hz) and in the LF theta (5–7 Hz)
range, whereas a prominent increase was found in the HF theta
(7–9 Hz) range (two-way repeated-measures ANOVA with

Figure 3. Sleep deprivation. A, BF lactate. Mean (�SEM) lactate concentration (expressed as percentage of pretreat-
ment level) in the BF during SD in young (nY � 10), middle-aged (nM � 8), and old (nO � 12) rats. The pretreatment level
is indicated with 100% reference line. Statistically significant lactate response [paired t test; SD vs pretreatment; indicated
with hash symbol (#)] was detected during SD in young but not in old or middle-aged rats. There was a statistically
significant difference between the O and the Y [Kruskal–Wallis one-way ANOVA on ranks, indicated with asterisks (*)].
B, Waking EEG power spectra. To study the effect of SD on cortical arousal, waking EEG power spectra of SD period were
normalized to the corresponding spectra of the BL day. The mean (�SEM) EEG power (percentage of BL; y-axis) is plotted
for the entire spectral range (frequencies between 0.8 and 35 Hz in 0.4 Hz bins; x-axis). The BL level is indicated with 100%
reference line. The theta (5–9 Hz) range, in which the major statistical differences (two-way repeated-measures ANOVA
followed by Holm–Sidak) between the aged (M or O) and the young were found, is highlighted with gray background panel
and shown in a larger resolution in the top right panel. The individual 0.4 Hz frequency bins in which a statistical
significance ( p � 0.05) between the aged (M or O) and the young was found are indicated with asterisks (*). Age groups:
Y (F; n � 10), M (�; n � 5), O (E; n � 13). In the high-resolution image (right panel), LF theta (5–7 Hz) and the HF theta
(7–9 Hz) are separated by a vertical dashed line.
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Holm–Sidak; treatment by frequency; Y, F(84) � 12.396, p �
0.001; M, F(84) � 2.781, p � 0.001; O, F(84) � 17.929, p � 0.001,
respectively). Between age group analysis demonstrated statisti-
cally significant attenuations in the middle-aged and old com-
pared with the young in the HF theta and in the gamma (�30 Hz)
range (two-way repeated-measures ANOVA with Holm–Sidak;
age by frequency; F(168) � 2.431; p � 0.001).

Waking theta and the “quality” of waking during SD
To characterize the behavior (i.e., the quality of waking) of the rats
during SD the high-to low-frequency theta ratio (HF theta/LF theta)
(Fig. 4A,B, left panels) was calculated together with the number of
sleep bouts (Fig. 4A, right panel) and with the number of high EMG
activity bouts (Fig. 4B, right panel).

The mean high- to low-frequency theta ratio (Fig. 4A, left panel)
increased in all age groups (paired t tests; Y, t(9) � 4.567, p � 0.001;
M, t(4) � 3.309, p � 0.030; O, t(12) � 4.414, p � 0.001), but this
increase was significantly attenuated in old rats compared with the
young (one-way ANOVA with Holm–Sidak; F(2) � 3.519; p �
0.045). Old rats had more sleep bouts during SD than the young
(Kruskal–Wallis one-way ANOVA on ranks with Dunn’s; H(2) �
8.668; p � 0.013) (Fig. 4A, right panel). As rats were always activated
when sleep occurred, the maximum sleep bout lengths were only

0.6 � 0.2 min for the young (n � 10), 0.5 � 0.2 min for the middle-
aged (n � 5), and 1.3 � 0.2 min for the old (n � 13).

When the theta ratio (Fig. 4B, left panel) and the high EMG
activity bouts (Fig. 4B, right panel) were calculated in 30 min
time bins over the SD period, statistically significant (two-way
repeated-measures ANOVA; F(2) � 7.941; p � 0.002; followed by
Holm–Sidak) age differences were found in all time points in the
theta ratio, whereas no differences between age groups were
found in the number of high EMG activity bouts.

Correlation of BF lactate release with waking theta
To test the hypothesis that lactate release in the BF is linked to
cortical arousal/active waking (measured with the HF theta in-
crease), we investigated whether there is a statistically significant
correlation between lactate increase (percentage of pretreatment
level) and the waking theta response (high-to-low waking theta
ratio, percentage difference). For this purpose individual lactate
samples (collected during the microdialysis period of the SD day
and normalized to the pretreatment level; on average, six samples
per animal) were matched with EEG data (high-to-low waking
EEG theta ratio) of the corresponding 30 min collection period.
Statistically significant positive correlation was found in the
young group (n � 10) between lactate release and waking theta
response [Pearson’s product moment correlation; nsamples � 42;
correlation coefficient (r), 0.779; p � 0.01] but not in the middle-
aged (n � 5) (nsamples � 29; r � 0.295; p � 0.121) or the old (n �
13) (nsamples � 68; r � 0.037; p � 0.765) (Fig. 5).

Glutamatergic stimulation of the BF with NMDA
As the greatest (and statistically significant) differences in both
BF lactate release and waking theta responses during SD were
detected between the young and old, NMDA activation was per-
formed to these age groups only. In line with previous reports
(Cape and Jones, 2000; Wigren et al., 2007), waking compared
with BL was increased in the young group (n � 5) (68 � 4%
increase; paired t test; t(4) � 16.653; p � 0.001). In the old group
(n � 4), waking was increased by 31 � 10%, but this increase did
not reach statistical significance. There was a statistically signifi-
cant difference in the amount of waking induced by NMDA be-
tween the Y and the O (t test; t(7) � 3.669; p � 0.008).

BF lactate
In young rats (n � 5), glutamatergic stimulation significantly
increased BF lactate concentration when compared with the pre-
treatment level (paired t test; t(4) � 2.975; p � 0.041), a finding
that has been described previously (Wigren et al., 2007). In con-
trast, glutamatergic stimulation did not evoke significant lactate
responses in old rats (n � 4).

Waking EEG power spectra
When the mean EEG power spectra of the 3 h NMDA infusion
period were compared with the corresponding BL power spectra
(Fig. 6), we found that in both age groups BF activation signifi-
cantly attenuated waking EEG power in the delta frequency range
and in the LF theta range, whereas an increase was found it in the
HF theta range (two-way repeated-measures ANOVA, treatment
by frequency, with Holm–Sidak; Y, F(84) � 5.499, p � 0.001; O,
F(84) � 1.845, p � 0.001). Between age group analysis demon-
strated a statistically significant attenuation in the HF theta in-
crease in the old group compared with the young (two-way
repeated-measures ANOVA; age by hertz; Holm–Sidak; F(84) �
1.779; p � 0.001).

Figure 4. Theta and the “quality” of waking during SD. A, Left panel, High-to-low frequency
theta ratio (percentage difference; y-axis) in young (Y), middle-aged (M), and old (O) rats
during SD. Theta ratio increased in all age groups (nY � 10; nM � 5; nO � 13) during SD [paired
t tests; p � 0.05; indicated with hash symbols (#)], but the increase was significantly attenu-
ated in the old compared with the young [one-way ANOVA with Holm–Sidak; p � 0.05; indi-
cated with asterisks (*)]. The theta ratio is shown as group mean (�SEM) calculated over the
3 h SD period. Right, Number of sleep bouts during SD. The mean (�SEM) number of sleep
bouts (defined as more than one 5 s epoch scored as SWS) in Y, M, and O rats during SD. Old rats
had significantly more sleep bouts during SD than the young [Kruskal–Wallis one-way ANOVA
on ranks with Dunn’s; p � 0.05; indicated with asterisks (*)]. B, High-to-low theta ratio (left)
and the number of high EMG activity bouts (right) in 30 min time bins during SD. Statistically
significant differences (two-way repeated-measures ANOVA followed by Holm–Sidak)
between age groups were found only in the waking theta ratio. The individual time bins in
which a statistical significance ( p � 0.05) between the aged (M or O) and the young was
found are indicated with asterisks (*). Y (F; n � 10), M (�; n � 5), and O (E; n � 13)
are shown. The last time point shows the first 30 min after the end of SD.
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Recovery sleep
To test whether treatments (NMDA, SD)
induced recovery sleep, SWS amount and
SWS EEG power spectra calculated from
the posttreatment EEG recordings were
compared with the corresponding time
points of the BL day.

SWS amount
Within an age group statistical analysis
(paired t tests) demonstrated significant
increases in the time spent in SWS during
the first manually scored 3 h post-SD time
period compared with BL in all age groups
(Y, t(9) � 5.289, p � 0.01; M, t(4) � 11.433,
p � 0.01; O, t(12) � 6.381, p � 0.001).
Statistically significant differences in the
SWS response between the age groups
were not found. [The amount of SWS
compared with BL during the recovery
night after SD calculated in 1 h bins can be
found in supplemental Table 2 (available
at www.jneurosci.org as supplemental
material).] After NMDA treatment, a sig-
nificant increase in SWS compared with
BL was found only in the young group
(t(4) � 4.355; p � 0.012).

SWS EEG power spectra
To assess sleep intensity during recovery
sleep, EEG power spectra of the first
(manually scored) 3 h post-SD period
were compared with the corresponding
BL spectra (Fig. 7). In all age groups, SWS
EEG power compared with BL was signifi-
cantly (two-way repeated-measures ANOVA
with Holm–Sidak; treatment by frequen-
cy; Y, F(84) � 21.977; M, F(84) � 18.880; O,
F(84) � 32.539; p � 0.001) increased in the
delta frequency range, whereas a signifi-
cant reduction was found in the frequency
ranges �6.1 Hz. Between age group com-
parisons demonstrated a statistical signif-
icant attenuation in the delta power in the
middle-aged and old compared with the
young, whereas the SWS EEG of the old
and middle-aged rats contained more
HF EEG (�7.3 Hz) power than that of
the young (two-way repeated-measures
ANOVA with Holm–Sidak; age by fre-
quency; F(168) � 2.662; p � 0.001).

Discussion
We found that the activity-dependent increases in BF lactate and
waking EEG theta power were attenuated in aged animals
(middle-aged and old) during prolonged waking/sleep depriva-
tion and that neither of these responses could be experimentally
induced by glutamatergic stimulation of the BF.

Reduced BF lactate release in aging
In contrast to young, lactate release did not increase in the BF
during SD in the aged animals (middle-aged and old). Our
results are in line with previous human studies showing that
cognitive stimulation, which increases lactate in the prefrontal

cortex of young subjects, failed to do so in the aged (Urrila et al.,
2003, 2004). It would be interesting to know whether the atten-
uation of activity-dependent lactate release is a general phenom-
enon in the aging brain or whether it is specific for some brain
regions only (such as the BF and the prefrontal cortex). The at-
tenuated BF lactate response in our study could have resulted
either from reduced sensitivity of the aged BF to excitatory input,
reduced release of excitatory transmitters, or from age-related
impairments in lactate production or release.

The assumption that age-related attenuation of lactate re-
sponse is attributable to reduced sensitivity of BF to respond to
excitatory input, is supported by previous studies showing age-

Figure 5. Correlation of BF lactate release with waking theta. Lactate responses (percentage of pretreatment level; y-axis) in
individual samples collected during the SD day (pretreatment and treatment periods; on average, 6 lactate samples were contrib-
uted by 1 rat) were matched with corresponding waking theta responses (high-to-low waking theta ratio; percentage difference;
x-axis) of the 30 min collection period and plotted separately for each age group: Y (F), M (�), O (E) (nY � 10; nM � 5; nO � 13).
Simple regression line is shown for each plot. Statistically significant positive correlation ( p � 0.005; Pearson’s product moment
correlation) was found in the young but not in the middle-aged or old group.

Figure 6. Glutamatergic stimulation of the BF: waking EEG power. The waking EEG power spectra of the treatment period were
normalized to the corresponding spectra of the BL day. The mean (�SEM) EEG power (percentage of BL; y-axis) is plotted for the
entire spectral range (frequencies between 0.8 and 35 Hz in 0.4 Hz bins; x-axis). The BL level is indicated with 100% reference line.
The theta (5–9 Hz) range, in which the major statistical differences (two-way repeated-measures ANOVA followed by Holm–
Sidak) between the Y and O were found, is highlighted with gray background panel and shown in a larger resolution in the top right
panel. The individual 0.4 Hz frequency bins in which a statistical significance ( p � 0.05) between Y and O was found are indicated
with asterisks (*). Age groups are as follows: Y (F; n � 5) and O (E; n � 4). In the high-resolution image (right), LF theta (5–7
Hz) and the HF theta (7–9 Hz) are separated by a vertical dashed line.
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related reductions in BF stimulation-induced cortical acetylcho-
line release (Mitsushima et al., 1996; Giovannini et al., 1998;
Fadel et al., 1999; Herzog et al., 2003; Sarter and Bruno, 2004). In
line with these studies, we found that experimental stimulation of
the BF with NMDA did not increase local lactate release or induce
enough neuronal activation to significantly increase wakefulness
in old rats. Also, several studies have demonstrated age-related
decreases in NMDA receptor density and alternations in its func-
tion (Gonzales et al., 1991; Segovia et al., 2001).

Another explanation for the lack of activity-dependent lactate
release could be the reduced capacity of the aged brain cells to cope
with increased energy demand (Toescu and Xiong, 2004). Expres-
sion of genes related to energy metabolism are chronically altered in
the aged brain, including increased expression of lactate dehydroge-
nase, an enzyme involved in lactate metabolism (Poon et al., 2006;
Pawlyk et al., 2007). Compared with other brain areas, cells in the
BF, particularly the cholinergic cells, appear more sensitive to
age-related impairments (Sarter and Bruno, 2004; McKinney and
Jacksonville, 2005). A recent study found that the age-related
increase in expression of genes related to energy production was
more pronounced in the cholinergic cells of the BF than in the
cholinergic cells of the brainstem (Baskerville et al., 2008). Thus,
if energy production in the BF is challenged already at baseline, it
is reasonable to assume that, on activation, the capacity of the BF
to further increase energy production and lactate release is
reduced.

Waking EEG theta and BF activity
In rodents, EEG theta activity can be divided into two compo-
nents: the LF theta (5–7 Hz) associated with quiet wake and sleep-
iness and the HF theta (7–9 Hz) associated with active wake

(Maloney et al., 1997; Vyazovskiy and To-
bler, 2005; Young and McNaughton,
2008). We regarded HF EEG theta as a
measure of both active waking/cortical
arousal and BF activity because in vivo re-
cordings have shown that the cholinergic
cells of the BF are more active during ac-
tive wake than quiet wake and that they
burst in association with EEG theta (Lee et
al., 2004, 2005). Furthermore, HF EEG
theta power can be increased by experi-
mental activation of the BF (Cape and
Jones, 2000; Wigren et al., 2007).

With stimulation of the BF by NMDA
and during 3 h SD, particularly the HF
theta is enhanced, whereas application of
NMDA antagonist during SD selectively
attenuates HF theta (Wigren et al., 2007).
In the present study, the increase in HF
theta during SD was reduced in old and
middle-aged rats compared with the
young. This could be attributable to re-
duced sensitivity of aged BF to excitatory
stimulus, as evidenced by reduced wake
promotion and HF theta power increase
to NMDA stimulation in the aged. During
baseline waking, our old animals had sig-
nificantly more power in the LF theta
range than the young. This finding is con-
sistent with other studies in both humans
(van der Hiele et al., 2008) and animals
(Colas et al., 2005). Increased waking LF

EEG theta is suggested to implicate a reduced arousal level
(Schacter, 1977; Cajochen et al., 1995, 2001, 2002; Lorenzo et al.,
1995; Aeschbach et al., 1997, 1999; Finelli et al., 2000; Lafrance
and Dumont, 2000; Strijkstra et al., 2003). Reduced baseline
arousal could reduce the capacity of the old to increase active
wake (a shift from low- to high-frequency theta enriched wak-
ing), particularly during SD.

Correlation between BF lactate release and HF EEG
theta increase
To further substantiate the assumption that lactate release in the
BF is linked to active waking and HF theta, we found a strong
positive correlation between BF lactate release and HF EEG theta
increase in young animals, which was lost in the aged. Together,
our results show that both measures of BF activation, local lactate
release and HF EEG theta, are reduced in aging.

Implications for sleep homeostasis
Sleep is governed by a homeostatic process in which duration and
quality of waking regulate subsequent sleep (Borbély, 1982; Hu-
ber et al., 2007). In our aged animals, SWS delta (0.5– 4 Hz)
power, a marker of sleep intensity and homeostatic sleep drive
(Achermann and Borbély, 2003), was reduced in baseline and its
increase in response to SD was attenuated. This finding is in line
with other studies with aged rats (Mendelson and Bergmann,
2000; Shiromani et al., 2000). In addition, we found age differ-
ences also in the higher frequency ranges: in all age groups, fre-
quencies �7.3 Hz were attenuated in the recovery SWS EEG
compared with BL, but this attenuation was reduced in the aged.
In other words, during recovery sleep, aged animals had less delta
activity and more high frequency activity than the young. As delta

Figure 7. Recovery sleep: SWS EEG power. To assess sleep intensity during the recovery sleep after SD, SWS EEG power spectra
of the 3 h post-SD period were normalized to the corresponding spectra of the BL day. The mean (�SEM) EEG power (percentage
of BL; y-axis) is plotted for the entire spectral range (frequencies between 0.8 and 35 Hz in 0.4 Hz bins; x-axis). The BL level is
indicated with 100% reference line. The delta (0.8 – 4 Hz) range, in which the major statistical differences (two-way repeated-
measures ANOVA followed by Holm–Sidak) between the aged (M, O) and the young were found, is highlighted with gray back-
ground panel and shown in a larger resolution in the top panel. The individual 0.4 Hz frequency bins in which a statistical
significance ( p � 0.05) between the aged (M or O) and the young was found in the delta range are indicated with asterisks (*).
There were also significant increases in the frequencies �7.3 up to 35 Hz both in the middle-aged and old groups compared with
the young (not indicated in the graph). Age groups are as follows: Y (F; n � 10), M (�; n � 5), and O (E; n � 13).
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activity is an indication of sleep intensity and the higher frequen-
cies are an indication of cortical arousal, these results further empha-
size the fact that, in aging, recovery sleep intensity is attenuated.

The mechanisms contributing to the age-related attenuation
in sleep homeostasis are not well understood. There are two
probable causes for reduced recovery sleep in aging: (1) the ca-
pacity to produce sleep is reduced (Klerman and Dijk, 2008)
and/or (2) accumulation of homeostatic sleep pressure is
reduced.

In young animals, increases in the extracellular levels of the
endogenous sleep factors adenosine and nitric oxide (NO) in the
BF during SD are repeatedly reported to induce sleep (Porkka-
Heiskanen et al., 1997, 2000; Basheer et al., 2004; Murillo-
Rodriguez et al., 2004; Kalinchuk et al., 2006a,b). In our previous
study, we found aging related attenuations in the levels of aden-
osine and NO in the BF during SD, suggesting a reduction in the
buildup of homeostatic sleep pressure (Rytkönen et al., 2008).
Furthermore, local infusion of NO donor into the BF failed to
increase sleep intensity in old rats, as it did in the young, suggest-
ing that also the sensitivity of the aged BF to sleep-inducing fac-
tors is reduced.

The present study demonstrated that cortical arousal (as mea-
sured by EEG theta and gamma power) was reduced in aged rats
during SD. Previous studies have shown that wakefulness en-
riched with high levels of active wake and HF EEG theta is more
potent in increasing sleep pressure and recovery sleep delta
power than the same amount of quiet waking (Huber et al.,
2007; Wigren et al., 2007). Thus, the reduced adenosine and NO
responses during SD and the attenuation of homeostatic sleep
response in recovery sleep could be attributable to the fact that
aged animals spent less time in active wake.

Sleep problems are becoming increasingly prevalent in the
modern society, particularly when the population ages. Under-
standing of the cellular mechanisms contributing to these prob-
lems is crucial for appropriate treatment. Our results suggest that
an age-related attenuation in BF function leads to reduced corti-
cal arousal, particularly during prolonged waking. As quality of
waking is important in regulating subsequent sleep, reduction in
cortical arousal during waking may contribute to the age-related
reduction in sleep intensity.
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