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INTRODUCTION
Slow-wave activity (SWA), the electroencephalographic 

(EEG) power in the 0.5-4 Hz range during nonrapid eye move-
ment (NREM) sleep, is a well-established electrophysiologic 
correlate of sleep pressure. The longer and/or more “intense” 
wake is, the higher SWA is at sleep onset.1 The cellular mecha-
nisms underlying sleep homeostasis remain elusive, but recent 
evidence suggests a link between sleep need and neuronal ac-
tivity and plasticity.2 In the brain most of the energy is used to 
support glutamatergic activity,3 and glucose consumption is stoi-
chiometrically coupled to glutamate-glutamine cycling.4 It is not 
surprising, therefore, that brain metabolism is higher in wake 
and rapid eye movement (REM) sleep than in NREM sleep5-8 
(e.g., because most cortical neurons are glutamatergic and mean 
cortical firing rates are higher in wake and REM sleep than in 
NREM sleep).9,10 Moreover, wake increases messenger RNA 
levels of α-amino-3-hydroxy-5-methyl-4-isoxazole propionic 
acid (AMPA) receptor subunits and of proteins implicated in 
glutamate synthesis and glutamate receptor clustering.11-13 Lack 
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of sleep also increases cortical synaptic expression of GluR1-
containing AMPA receptors14 and strengthens cortical glutama-
tergic synapses,15 whereas NREM sleep results in removal of 
AMPA receptors and long-term synaptic depression.14,16

However, recent evidence also shows that within each behav-
ioral state cortical firing rates are higher after prolonged wake 
and lower after sleep.17 Moreover, cortical extracellular gluta-
mate levels progressively increase with time spent spontane-
ously awake and decline throughout NREM sleep, and the rate 
of decline correlates with the SWA decline.18 Extracellular levels 
of adenosine, a by-product of energy metabolism, also increase 
with time spent awake in basal forebrain and to some extent in 
cortex, and this buildup has been causally linked to sleep need.19 
Overall, these results suggest that the metabolic cost of each be-
havioral state is not fixed but may reflect sleep-wake history, and 
brain metabolism, glutamatergic tone, and sleep homeostasis 
may be linked. However, these hypotheses have not been tested 
directly. Furthermore, although oxidative phosphorylation of 
glucose is the main source of adenosine triphosphate (ATP) in 
the brain,20 glycolysis is also important, providing lactate as a 
fuel for neurons21 and rapidly generating energy within astro-
cytic filopodia22 and postsynaptic densities23 that are too small to 
contain mitochondria. Nevertheless, whether there is a specific 
link between sleep homeostasis and oxidative or glycolytic as-
pects of brain metabolism remains unclear.

To address these issues we performed EEG recordings in the 
rat cerebral cortex coupled with fixed-potential amperometry, 
to monitor the extracellular concentration of oxygen ([oxy]) 
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and lactate ([lac]) during sleep, wake, and sleep deprivation, on 
a second-by-second basis for up to 4 days.

MATERIALS AND METHODS

Surgical Procedures
Male Wistar Kyoto rats (n = 20; 300-350 g at time of surgery; 

Harlan) were individually housed in recording chambers (clear 
Plexiglas enclosure, 36.5 × 25 × 46 cm in a sound-attenuating 
box) in a controlled environment (24 ± 1 °C; 12h light/dark 
cycle, lights on at 10:00; food and water ad libitum). Under 
isoflurane anesthesia 4 silver screws serving as EEG electrodes 
were affixed to the scalp: 2 anterior (mm from bregma: antero-
posterior (AP) +2 or +3, mediolateral (ML) +3 or +0), 1 pa-
rietal (AP -2.3, ML -3.8), and 1 cerebellar (AP -11, ML +1). 
Silver wire electrodes were implanted in the nuchal muscles 
to monitor the electromyogram (EMG). Microelectrode arrays 
(MEAs; see the following paragraphs) were implanted in ei-
ther frontal cortex (n = 10; AP +2, ML -3 dorsoventral (DV) 
-1.5) or prefrontal cortex (n = 10; AP +3.2, ML -0.8, DV -4.5). 
One Ag/AgCl reference electrode for the MEAs was placed oc-
cipitally (AP-6.5, ML +3). Dental cement was used to affix the 
electrodes to the animal’s skull. Recordings began immediately 
following surgery. All animal procedures followed the National 
Institutes of Health Guide for the Care and Use of Laboratory 
Animals and facilities were reviewed and approved by the In-
stitutional Animal Care and Use Committee (IACUC) of the 
University of Wisconsin-Madison, and were inspected and ac-
credited by the Association for Assessment and Accreditation 
of Laboratory Animal Care (AAALAC).

Sleep-Wake Recordings
To record the EEG and EMG, electrodes were connected to 

a commutator with a flexible cable and signals were sent to a 
polygraph (Grass Technologies, Model 7P5B, West Warwick, 
RI) to be amplified and filtered (EEG and LFP signals: high-
pass at 0.1 Hz; EMG signals: high-pass at 5 Hz, low-pass at 70 
Hz). All signals were notch-filtered at 60 Hz. Analog signals 
were digitized with the A/D board (National Instruments, Aus-
tin, TX) and sampled at 200 Hz (VitalRecorder, Kissei Com-
tec, Nagano, Japan). Vigilance states were determined offline 
by visual inspection of EEG and EMG signals and scored in 
4-sec epochs as either wake (low-voltage, high-frequency EEG, 
high EMG), NREM sleep (high-voltage, low-frequency EEG, 
low EMG), or REM sleep (low-voltage, high-frequency EEG, 
low EMG activity). Vigilance state could be determined for all 
epochs. Wake epochs were further classified offline as quiet or 
active according to the amount of EMG activity (see Results).

Microelectrode Preparation
Ceramic-based MEAs (Center for Microelectrode Technol-

ogy, Lexington, KY) containing 4 platinum/iridium electrodes 
(15 µM × 333 µM) were modified for chronic implantation in 
freely moving rats as previously described.24 Assembled MEAs 
were briefly (approximately 5 sec) submerged in Nafion® (Sig-
ma Aldrich, St. Louis, MO) and then oven-dried (185°C for 5 
min). Nafion® acts as a charge-dependent exclusion layer to 
limit interference in vivo from electroactive analytes without 
disrupting detection of the analyte of interest. For electrodes 

used to record [lac], an additional coating solution of l-lactate 
oxidase (LacOx; MP Biomedicals, Solon, OH), glutaraldehyde 
(Sigma Aldrich) and bovine serum albumin (BSA, Sigma Al-
drich) was applied to 2 recording electrodes. LacOx catalyzes 
the conversion of lactate to pyruvate and hydrogen peroxide. 
The ensuing oxidation of hydrogen peroxide at the surface of 
the recording electrodes produces a current that is proportional 
to the concentration of lactate. Glutaraldehyde and BSA were 
included to affix the LacOx to the recording electrodes. The re-
maining 2 recording electrodes were coated with only glutaral-
dehyde and BSA to measure background current from possible 
interferents only (sentinel electrodes). Signal and sentinel chan-
nels are in close proximity in the MEA, with a distance of 100 
µ separating the edge of the signal channels from the edge of 
the sentinel channels, and therefore sample the same extracellu-
lar milieu. Subtracting the current sensed by sentinel electrodes 
from the current sensed by signal electrodes provides a signal 
reflecting [lac], removes background current produced by other 
analytes, and reduces noise.24,25 No additional coatings were 
needed to record [oxy] because oxygen can be reduced directly 
at the surface of the electrode without need for an electroactive 
intermediate.26-28

Electrode Calibration and In Vivo Amperometry
Prior to implantation in freely moving rats, each microelec-

trode was calibrated in vitro to ensure proper selectivity and 
sensitivity for the desired analyte. Microelectrodes were sub-
merged in 40 ml of 0.05 M phosphate-buffered saline (PBS, pH 
7.4) maintained by a water bath at 37°C (Gaymar Co., Orchard 
Park, NY). Fixed potential amperometry using the FAST-16 
potentiostat (Fast Analytical Sensing Technology, Quanteon, 
Lexington, KY) was implemented to record either oxygen (-0.7 
V vs. Ag/AgCl reference) or lactate (+0.7 V) concentrations. To 
calibrate oxygen electrodes the response of the electrodes to ni-
trogen-bubbled PBS, oxygen-saturated PBS, and supersaturat-
ed PBS (by directly bubbling oxygen in solution) was recorded. 
Electrodes were only used if the amount of current between 
nitrogen-bubbled and oxygen- saturated PBS differed by > 30 
nA, to ensure sensitivity to changes in [oxy] across a range 
exceeding those expected to be observed in vivo. To calibrate 
lactate electrodes, the response of signal and sentinel electrodes 
to the major electroactive interferent in the brain, ascorbic acid 
(250 µM; Sigma Aldrich), as well as to l-lactate (250 µM incre-
ments) and hydrogen peroxide was recorded. Lactate electrodes 
for in vivo recordings were only used if the response of the sig-
nal channels to lactate was more than 20 times their response to 
ascorbic acid, and the response of signal and sentinel channels 
to hydrogen peroxide did not differ by more than 10%.

Once calibrated, MEAs were implanted in freely behaving 
rats and fixed-potential amperometry was performed using a 
4-channel potentiostat (FAST-16). Implantable MEAs were 
connected to a headstage amplifier (20 pA / mV for oxygen; 
2 pA / mV for lactate; Rat Hat; Quanteon) to amplify current 
produced from reduction (oxygen) or oxidation (lactate) at the 
surface of the electrodes. Analog signals from the MEA were 
sent to the potentiostat and furthered amplified (lactate: 10×; 
oxygen: 2×). Analog outputs from the potentiostat were then 
digitized with an A/D board (National Instruments) and record-
ed to hard drive with a sampling rate of 200 Hz (VitalRecorder, 
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Kissei Comtec) simultaneously with EEG and EMG signals. 
Chronic recordings began immediately after surgery and lasted 
4 days postsurgery. Amperometric, EEG, and EMG signals 
were recorded continuously across each day, with the excep-
tion of a few minutes at light’s onset each day when recordings 
were restarted. In a subset of animals (n = 5 each) [lac] or [oxy] 
was recorded during a 3-hr sleep deprivation period (beginning 
at light’s onset) and during subsequent recovery sleep. During 
the sleep deprivation, we continuously observed the behavior 
and polysomnographic recordings of the rat. To maintain wake-
fulness, rats were given novel objects to promote exploratory 
behaviors (paper towels and toys of various shapes and sizes) or 
activated by acoustic stimuli (e.g., tapping on the cage) whenev-
er behavioral or electrographic (slow waves or low tone EMG) 
signs of drowsiness were observed. Importantly, rats were not 
touched or handled directly nor were they disturbed when they 
were spontaneously awake, feeding, or drinking. This method 
minimized stress while maintaining arousal across the 3-hr of 
the deprivation procedure.

Throughout this report, [lac] and [oxy] are reported as per-
centages of the daily mean instead of as absolute concentra-
tions. Although theoretically the precise concentration of an 
analyte can be determined from a calibration curve of known 
standards, in practice this can fail to be true for a number of 
reasons. The microenvironment of the neuropil surrounding 
the implanted electrode, when compared with the typical cali-
bration, may produce differences in the diffusion coefficients 
of the analyte,29 partially occlude the implanted electrode and 
thereby alter the recording surface area,30 and/or alter the shape 
and size of the diffusion layer at the electrodes surface.31 Conse-
quently, the current produced in vivo may not directly equate to 
that produced during an in vitro calibration.32 Reporting abso-
lute concentrations, therefore, can be confounded by technical 
shortcomings, introduces unwarranted variability, and may be 
misleading. As such, we have chosen to report our findings as 
relative values rather than absolute concentrations. However, it 
should be noted that despite a high degree of variability across 
subjects (ranging from 0.11 mM to 1.45 mM), on average, the 
[lac] recorded in the current study was 0.49 ± 0.14 mM, consis-
tent with previous reports of a typical extracellular [lac] of 0.4-
1.25 mM in cortex.8,33 Because our calibration procedure did 
not establish a quantitative relationship between [oxy] and the 
amount of current from our electrodes, we are unable to report 
the absolute value of oxygen concentrations recorded in vivo.

Postprocessing and Data Analysis
Recorded signals were imported into Matlab (Mathworks, 

Natick, MA) and processed with custom scripts. Amperometric 
signals were low-pass filtered (chebyshev type II, passband = 
18 Hz, stopband = 19 Hz) to remove any high-frequency noise 
and subsequently binned and averaged over 4-sec epochs to 
facilitate comparisons with scored behavioral state. For [lac], 
current from sentinel channels was subtracted from signal chan-
nels to minimize nonspecific effects due to interferents. Using 
a 30-min moving window across each day, artifacts (< 5% of 
total recording time) were identified (data points > or < 5 stan-
dard deviations from the mean) and removed. Delay periods 
for wake and NREM sleep episodes were calculated by finding 
the 4-sec epoch in which the minimum (wake) and maximum 

(NREM) concentration of either lactate or oxygen occurred in 
the first 2 min after episode onset. All power spectra included in 
the analyses of band-limited power (BLP) and SWA were cal-
culated in Matlab for each 4-sec epoch across the day by means 
of a Fast Fourier Transorm (FFT; Hamming window, 0.25 Hz 
resolution). All statistical tests were performed using Matlab 
or Statistica (Statsoft, Tulsa, OK) and all data are presented as 
mean ± standard error of the mean.

RESULTS

State-Dependent Changes in Extracellular [lac] and [oxy]
We used in vivo amperometry, which has a temporal reso-

lution of < 1 sec,24,25 and recorded extracellular [lac] or [oxy] 
continuously for 4 days in the frontal or prefrontal cortex of 
freely behaving rats (n = 10 rats each). EEG and EMG activ-
ity were also simultaneously recorded and were used to char-
acterize behavioral state (in 4-sec epochs) offline. Rats were 
recorded during the week immediately after surgery, when am-
perometric signal strength is maximal. Despite the proximity of 
the recordings to surgery, sleep-wake patterns appeared normal: 
all animals showed a clear circadian rest-activity rhythm, sleep-
ing 57.53 ± 0.99 % of the light period, when rats typically have 
the most consolidated sleep, and 34.37 ± 1.01 % of the dark 
period. Across the entire 24-hr period, rats spent on average 
52.15 ± 0.80 % of total time awake, 40.91 ± 0.78 % in NREM 
sleep, and 6.94 ± 0.25 % in REM sleep, values similar to those 
of fully recovered rats.34,35 [Lac] declined during the first 5 hr 
of the light period and then leveled off for the remaining 7 hr 
(Figure 1A). In the first part of the night, when rats typically 
have long, consolidated bouts of wake, [lac] increased, reach-
ing a peak 4 hr after dark’s onset. Overall, [lac] was signifi-
cantly lower during the light period than during the dark period 
(% daily mean, 95.68 ± 1.34 versus 105.36 ± 1.45; t (9) = -3.50, 
P < 0.01; dependent samples t test, 2-tailed). [Oxy], in contrast, 
did not differ significantly between the light and the dark period 
(% daily mean, 100.32 ± 0.62 versus 99.81 ± 0.75; t (9) = 0.32, 
P = 0.76) (Figure 1B).

To investigate whether these 24-hr profiles could arise from 
sleep-wake dependent changes we directly compared behavior-
al state as determined by the EEG and EMG to concurrent [lac] 
and [oxy]. Visual inspection of individual recordings showed 
that both [lac] and [oxy] depended on behavioral state, and did 
so in a similar way, usually increasing during wake and REM 
sleep and declining during NREM sleep (Figure 1C-F). To 
quantify the magnitude of these changes we then focused on 
consolidated episodes of wake, NREM and REM sleep (those 
whose duration was at least equal to the mean episode duration 
for each behavioral state), and obtained a profile of the aver-
age changes in [lac] and [oxy] as a function of behavioral state 
(Figure 2). This analysis confirmed that [lac] and [oxy] increase 
during wake and REM sleep and decrease during NREM sleep 
(% daily mean/min; [lac] wake +0.346 ± 0.04, REM +0.522 
± 0.18, NREM -0.345 ± 0.09; [oxy] wake +1.17 ± 0.05, REM 
+1.85 ± 0.24, NREM -0.630 ± 0.05).

Interestingly, changes in [lac] and [oxy] were delayed rela-
tive to the onset of sleep and wake as defined by the EEG and 
EMG (Figure 2C). After the transition to wake, [lac] initial-
ly declined for 40.89 ± 2.28 sec before typically increasing 
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throughout the rest of the episode. On the other hand, after 
NREM sleep onset, [lac] initially increased for 36.89 ± 3.94 
sec before exhibiting the typical decline during this behavioral 
state. [Oxy] exhibited a similar trend, with an initial decrease 
for 27.20 ± 6.53 sec at the onset of wake and an initial increase 
for 36.44 ± 7.23 sec at the onset of NREM sleep. The duration 
of these delay periods was variable for oxygen, perhaps reflect-
ing the distance from each electrode to the nearest capillary 
and/or arteriole, because local oxygen pressure can vary as a 

function of the distance to these oxygen sources.36 Of note, no 
delays were observed in previous recordings of glutamate con-
centrations,18 Figure 2C), which began increasing during wake 
and decreasing during NREM sleep at the episode’s onset. 
Thus, changes in [lac] and [oxy] are not only delayed relative 
to behavioral state transitions as defined by the EEG, but also 
as compared with changes in glutamatergic activity. These re-
sults suggest that [lac] and [oxy] changes do not reflect behav-
ioral state per se, but rather arise as a consequence of changes 

Figure 1—Increases in [lac] and [oxy] are typically observed during waking and REM sleep, behavioral states characterized by elevated neuronal activity, 
whereas these energy metabolites typically decrease during NREM sleep. (A and B) The average [lac] and [oxy] across the 24-hr period (n = 10 rats each). 
[Lac] was significantly lower in the light period than in the dark period (P < 0.05) (C and D) [Lac] and [oxy] in the prefrontal cortex of individual rats are depicted 
for each 4-sec epoch of wake (red), NREM sleep (blue), and REM sleep (green) during undisturbed baseline days. The boxed regions in C and D can be 
seen at higher resolution in E and F, respectively.
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in neuronal and/or glutamatergic activity that are characteristic 
of each behavioral state.

Motor Activity, EEG BLP, and Changes in [lac] and [oxy]
Changes in both [lac] and [oxy] showed substantial variability 

across and within individual episodes of sleep or wake (Figure 
1C-F). This variability may be of functional significance, be-
cause neuronal activity is not homogenous within each behav-
ioral state, but rather displays a wide array of task-dependent 
and spontaneous alterations.17,37 To test this possibility we as-
sessed the relationship between [lac] and [oxy] changes and two 
indices that may reflect ongoing activity in frontal/prefrontal 
cortices: locomotion and EEG BLP. Notably, the cortical areas 
in which we recorded [lac] and [oxy] are both contained within 
the rat’s motor cortex as defined by microstimulation mapping.38

First, the raw EMG signal for the entire day was rectified 
and then averaged across 4-sec to produce an index of motor 
activity for every 4-sec behavioral state epoch. The magnitude 
of this index corresponds to the amount of locomotor activity 
that occurred during that 4-sec epoch. Using this index of motor 
activity, we classified all wake episodes as either mostly active 

or mostly quiet, depending on whether these episodes contained 
greater than or less than the mean locomotor activity across 
all wake episodes, respectively. We found that [lac] increased 
to a similar extent in active and quiet wake (% daily mean/
min, 0.295 ± 0.06 versus 0.422 ± 0.05; t (9) = 1.12, P = 0.29; 
Figure 3A) and the same was true for [glu] (according to data 
from Dash and colleagues18; 0.622 ± 0.07 versus 0.540 ± 0.06; 
t (7) = 0.78, P = 0.45; Figure 3C). In contrast, [oxy] increased 
almost twice as much during active wake than during quiet 
wake (1.37 ± 0.06 versus 0.72 ± 0.03; t (9) = 3.45, P < 0.01; 
Figure 3B). Thus, [oxy] in cortical areas involved in motor ac-
tivity varies as a consequence of different levels of locomotor 
activity, and these changes do not appear to be driven by chang-
es in [glu]. Because the episodes of mostly active wake as de-
fined here included brief periods of inactivity (and vice versa), 
we also measured changes in [lac] or [oxy] during each 4-sec 
waking epoch, taking advantage of the high temporal resolution 
of fixed potential amperometry. A threshold, below and above 
which all wake epochs were classified as quiet wake and active 
wake, respectively, was determined by calculating the 95th per-
centile of EMG activity during all NREM sleep episodes. This 

Figure 2—After a short delay (< 1 min), [lac] and [oxy] increase during waking and REM sleep and decrease during NREM sleep. Changes in [lac] (A) or [oxy] 
(B) during wake, NREM sleep, and REM sleep relative to the behavioral state onset (n = 10 rats each). Because of intrinsic variability in episode duration, 
data (mean ± standard error of the mean) presented here are shown to include all time points at which at least 15% of all episodes for that behavioral state 
can contribute. (C) Average cortical concentration of lactate, oxygen, and glutamate in 4-sec epochs for the first 3-min after wake or NREM sleep onset. 
Glutamate results were derived from data previously collected by Dash et al.18
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threshold ensured that the identified “quiet wake” epochs were 
only those that contained minimal amounts of EMG activity. 
Behavioral analysis of video recordings in a subset of animals 
(n = 5) confirmed that this method accurately identified periods 
of inactivity during wake as quiet wake, whereas activities such 

as exploring, grooming, and feeding were all scored as active 
wake. The average increase in [oxy] during active wake was 
261.53 ± 48.88 % more than during quiet wake (t (9) = 3.21, 
P < 0.05), whereas [lac] did not differ between quiet and active 
waking periods (t (9) = -0.61, P = 0.56).

We then examined the relationship between EEG BLP and 
cortical [lac] and [oxy]. BLP reflects the amount of activity across 
a particular frequency range in the EEG or local field potential 
signal. To obtain a rough index of ongoing neuronal activity we 
calculated BLP for 8 distinct frequency bands for each 4-sec ep-
och of wake (see Materials and Methods). Wake epochs were 
subdivided into quartiles based on total power for each band and 
the average change in [lac], [oxy], or [glu] was calculated within 
each quartile (Figure 4A-C). We found no significant relation-
ship between changes in [lac] during wake and either higher or 
lower frequency power (higher, F(3,27) = 1.89, P = 0.16; lower, 
F(3,27) = 0.84, P = 0.48). Similarly, no significant relationship 
between changes in [glu] during wake and either higher or lower 
frequency power was observed (higher, F(3,21) = 0.54, P = 0.66; 
lower, F(3,21) = 1.92, P = 0.16). By contrast, wake changes in 
[oxy] were modulated in association with changes in BLP, such 
that [oxy] increased more during epochs with the greatest power 
in the high-frequency range (22–100 Hz) than during epochs 
with the least amount of high-frequency power (repeated mea-
sures analysis of variance, F(3,27) = 6.95 P < 0.01; post hoc 
Fisher least significant difference). Moreover, [oxy] displayed 
an inverse relationship with low frequency power (0.5-18 Hz), 
increasing significantly more during epochs with the least power 
in the low frequencies (F(3,27) = 4.62 P < 0.01; post hoc Fisher 
least significant difference). Thus, wake changes in [oxy] are 
associated with acute changes in neuronal activity as indexed 
by high-frequency BLP, as well as by acute changes in motor 
activity, whereas changes in [lac] do not show a significant re-
lationship with either motor activity or BLP. These cortical me-
tabolites, therefore, appear to respond preferentially to different 
types of activity during wake.

Sleep Pressure and Changes in [lac] and [oxy]
Sleep pressure as measured by SWA is highest at sleep onset 

and dissipates in the course of sleep.1 We previously reported 
that cortical [glu] also declines during NREM sleep, and that 
the rate of this decline correlates with the SWA decline.18 To 
investigate whether the decline in [lac] and/or [oxy] during 
NREM sleep are also affected by sleep pressure we compared 
changes in these metabolites during episodes of NREM sleep 
that occur early in the light period (first 4 hr after light’s onset, 
when SWA is high) to late NREM episodes (last 4 hr of the light 
period, when SWA is low). [Lac] declined significantly more 
during early than during late sleep (% daily mean/min, -0.549 ± 
0.08 versus -0.101 ± 0.09; t (9) = 4.62, P < 0.01; Figure 5A). In 
contrast, [oxy] declined to a similar extent during early and late 
sleep (-0.72 ± 0.05 versus -0.59 ± 0.07; t (9) = 0.41, P = 0.69; 
Figure 5B), suggesting that spontaneous changes in sleep pres-
sure were associated with changes in [lac], but not with changes 
in [oxy]. To confirm this result a subset of animals (n = 5/me-
tabolite) were sleep deprived for 3 hr starting at the onset of the 
light period. Throughout the time of enforced wake, periods of 
large increases in [oxy], which appeared concurrent with large 
bouts of motor activity, were interspersed with phases in which 

Figure 3—During waking, [oxy] in cortical areas activated by movement 
increases more when locomotor activity is high, whereas [lac] or [glu] do 
not change in association with locomotor activity. Each panel depicts the 
concentration (mean ± standard error of the mean) of lactate (A), oxygen 
(B), or glutamate (C) in 4-sec epochs across all episodes of mostly active 
or mostly quiet wake. All episodes were classified as either active or quiet 
based on total electromyographic activity across the duration of the wake 
episode. *P < 0.01. Glutamate results were derived from data previously 
collected by Dash et al.18
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[oxy] declined steeply, remained stable, or increased slightly 
(Figure 5D and F). In contrast, changes in [lac] showed little 
relationship to EMG activity, but rather increased across the 3 
hr, only declining toward the end of the deprivation when sleep 
pressure was at its highest (Figure 5C and E). These changes in 
[lac] during sleep deprivation were similar to those previously 
observed for [glu] (Figure 5E; data from Dash and colleagues18). 
Overall, the results during enforced wake are consistent with 
those observed during baseline, with [lac] following changes 
in sleep pressure and [oxy] reflecting more acute changes in 
motor activity.

We then compared changes in [lac] and [oxy] during baseline 
sleep to changes during the recovery period after sleep depriva-
tion. Sleep deprivation yielded the expected increase in SWA 
during ensuing recovery sleep in comparison with baseline sleep 
for all animals. Overall, SWA during the first 3 hr of recovery 
sleep increased by 128.29 ± 3.35% over baseline in those ani-
mals in which [lac] was recorded, and by 126.02 ± 2.38% in 
those rats in which [oxy] was measured. Despite this increased 
sleep intensity during recovery sleep, [oxy] declined to a similar 
extent during recovery and baseline sleep (Figure 5H; main ef-
fect of condition: F (1,8) = 0.32, P = 0.59; Condition × Time: 
F (4,32) = 0.21, P = 0.93), whereas [lac] declined more during 
recovery sleep compared with baseline (Figure 5G; main ef-
fect of condition: F (1,8) = 15.25, P < 0.01; Condition × Time: 
F (4,32) = 2.82, P < 0.05). To more directly assess the relationship 
between sleep pressure and [lac] and [oxy], we calculated SWA 
during all episodes of NREM sleep and compared these values 
to the observed changes in these metabolites. We found that the 
rate of decline in [lac] during NREM sleep was significantly cor-
related with SWA, both during baseline (r = 0.295; P < 0.05) and 
when sleep deprivation data were included (r = 0.309; P < 0.01, 
Figure 5I), whereas no correlation was found for [oxy] (Figure 
5H, baseline, r = -0.033; P = 0.801; baseline + standard devia-
tion, r = -0.113; P = 0.320; Figure 5J). Thus, [lac], but not [oxy], 
changes along with sleep pressure.

DISCUSSION
We found overall similarities and specific differences in the 

way [oxy] and [lac] are affected by sleep and wake. Both me-
tabolites increased progressively during wake and REM sleep 
and decreased during NREM sleep. The [lac] findings are in line 
with previous studies showing elevated [lac] during wake and 
REM sleep compared with NREM sleep,8,39,40 although in those 
experiments the rapid and progressive nature of these changes 
was not examined, nor were the changes across the 24-hr cy-
cle and after sleep deprivation. Our results are also consistent 
with many studies that showed that wake and REM sleep have 
higher energy demand than NREM sleep,5-8 and [lac] and [oxy] 
predominantly reflect supply, rather than consumption, with the 
supply typically exceeding consumption. Acute neuronal acti-
vation, for instance, which increases metabolic demands, also 
increases [lac], with the exception of a 10- 12-sec initial de-
crease thought to reflect rapid uptake and consumption before 
lactate production is activated.41 Similarly, acute neuronal acti-
vation increases [oxy], again with the possible exception of an 
initial 1- 6-sec decrease.42-44 Thus, both acute (previous studies) 
and more chronic (this report) conditions of increased cortical 
neuronal activity result in higher levels of [lac] and [oxy].

Figure 4—[Oxy] changes in association with the amount of high- and 
low-frequency electroencephalographic (EEG) band-limited power (BLP; 
an index of cortical activity), whereas [lac] and [glu] show no relationship 
with BLP at any frequency. BLP was calculated for every 4-sec epoch of 
wake in 3 lower frequency windows (gray lines); Delta (0.5-4Hz), Theta 
(5-9Hz), Alpha (10-18Hz) and 5 higher frequency windows (black lines): 
LowBeta (22-30), HighBeta (30.25-40Hz), LowGamma (40.25-59Hz), 
MedGamma (61-80Hz), HighGamma (80.25-100Hz). Changes in [lac] 
(A), [oxy] (B), and [glu] (C) during each 4-sec epoch of wake were binned 
across 4 quartiles of increasing power within each frequency band and 
are presented as mean ± standard error of the mean. Post hoc testing for 
lower frequencies (0.5-18 Hz) and higher frequencies (22-100 Hz), Fisher 
least significant difference: *P < 0.05; **P < 0.01. Glutamate results were 
derived from data previously collected by Dash et al.18
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Figure 5—During both spontaneous and recovery nonrapid eye movement (NREM) sleep after sleep deprivation, increased sleep pressure is associated 
with larger declines in [lac], whereas [oxy] does not change in association with sleep pressure. Average changes in [lac] (A) and [oxy] (B) during episodes of 
early (hr 1-4 after lights onset) and late (hr 8-12 after lights onset) spontaneous NREM sleep. (C and D) Top panels: average [lac] and [oxy] for each 4-sec 
epoch of wake (red), NREM sleep (blue), and REM sleep (green) during 3 hr of sleep deprivation and ensuing 3 hr of recovery sleep in individual rats. Bottom 
panels: electromyographic activity is depicted for each 4-sec epoch (gray) along with a 1-min moving average overlay (black). (E and F) Average [lac], [glu], 
or [oxy] (n = 5 each) across the 3-hr sleep deprivation. Concentrations were averaged across 30-min bins and plotted at the middle time point for each bin. 
(G and H) Average [lac] and [oxy] (relative to sleep onset) during the first 9 hr from light onset (baseline days) and during the first 9 hr after the end of sleep 
deprivation (n = 5 rats each). Concentrations were binned and averaged across 1-hr intervals and plotted at the middle time point for each bin. (I and J) The 
relationship between the rates of decline in [lac] and [oxy] and slow-wave activity (SWA) during NREM sleep following either undisturbed baseline (empty 
gray circles; n = 10 rats each) or sleep deprivation (filled black circles; n = 5 rats each). SWA and analyte concentrations were binned and averaged for 2-hr 
intervals across the light period. *P < 0.05. Glutamate results were derived from data previously collected by Dash et al.18
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Importantly, we also found that cortical levels of [oxy] and 
[lac] progressively increased during wake for up to approxi-
mately 1 hr, the maximal duration of spontaneous wake epi-
sodes in our animals (68.34 ± 8.99 min, n = 20 rats). These 
findings are in line with previous studies suggesting that the 
cost of wake is not fixed but may increase with wake duration, 
due to a progressive increase in synaptic strength.14-16,45-47 Note, 
however, that although [oxy] and [lac] showed a progressive 
buildup during episodes of spontaneous wake, there was no 
obvious increasing trend after the first 1-2 hr of sleep depriva-
tion. This is consistent with converging evidence showing that 
molecular,2 biochemical (cortical [glu]),18 and metabolic (activ-
ity of mitochondrial enzymes)48 markers that are higher during 
spontaneous wake relative to sleep only increase slightly during 
the beginning of sleep deprivation (for approximately 1-3 hr) 
and moreover do not increase further as sleep deprivation is 
prolonged. In the current study, we observed that [lac] exhibited 
a similar pattern, increasing only at the beginning of the depri-
vation before declining over the last hour of prolonged wake-
fulness. Together, these data may indicate that the quality of 
waking activity may change as sleep pressure increases across 
the duration of the deprivation. This change in waking quality 
may account for the decline in [lac] despite continued waking 
at the end of the deprivation, consistent with recent findings that 
clearly demonstrate that, toward the end of a short sleep depri-
vation (3-4 hr), local groups of neurons progressively go ‘off-
line’ as they normally do during NREM sleep,49 despite the fact 
that the rats look entirely awake, with movement and a scalp 
EEG typical of wake.

We also found that changes in [lac] and [oxy] were delayed 
by several seconds relative to behavioral state onset and to 
changes in extracellular [glu]. It is unlikely that these delays 
were due to a technical artifact, because the response time of 
the electrodes (< 1 sec) is much faster than the delays and de-
lays were not observed in our previous [glu] recordings using a 
similar technique. Most likely, therefore, the delays reflect the 
time it takes for metabolic processes to respond to changes in 
energy demand at behavioral state transitions. Of note, the du-
ration of the delays was variable, especially for oxygen. [Lac] 
most likely reflects local lactate production and subsequent 
efflux through monocarboxylate transporters, because physi-
ologic lactate levels in the blood largely do not affect cortical 
[lac] levels.50,51 By contrast, intracortical [oxy] correlates with 
cerebral blood flow both across baseline and activated condi-
tions.26,52 Thus, delays for oxygen may be more affected by the 
distance from each electrode to the nearest capillary and/or ar-
teriole, because local oxygen pressure can vary as a function of 
the distance to these oxygen sources.36

Although [lac] is the local product of glycolysis, [oxy] re-
flects blood-derived supply used to sustain both oxidative 
phosphorylation and aerobic glycolysis. Thus, despite the simi-
larities, it is perhaps not surprising that we found differences in 
the way wake and sleep affected the 2 metabolites. First, [oxy] 
increased mainly when the rats were actively moving, consis-
tent with numerous reports of motor tasks increasing blood 
flow to cortical areas involved in motor processing (reviewed 
by Toma and Nakai37). [Oxy] also increased more during wake 
epochs that contained elevated high-frequency BLP and re-
duced low-frequency BLP. Elevated EEG power in high fre-

quencies (40–200 Hz) has repeatedly been shown to correlate 
with neuronal firing rate, dendritic inputs, and/or synchrony.53-55 
Cerebral blood flow is coupled to ongoing neuronal activity56 
and both [oxy]57 and the hemodynamic response58-60 correlate 
more with high-frequency power than with neuronal firing 
rates. Thus, [oxy] may be particularly sensitive to changes in 
dendritic input and/or neuronal synchrony.

[Lac], in contrast, was not associated with changes in loco-
motion or BLP, characteristics shared with [glu]. The dynamics 
of the [lac] decline during sleep were also very similar to those 
of [glu] (see the next paragraphs), suggesting that changes in 
[lac] may primarily reflect changes in the uptake of extracellu-
lar glutamate. One major source of [lac] is astrocytic glycolysis. 
Astrocytic glycolysis is activated in response to elevated extra-
cellular concentrations of K+ and/or glutamate21,61,62 producing 
lactate and providing ATP to fuel the Na, K-ATPase membrane 
pump activity necessary to maintain glutamate uptake.63,64 Neu-
rons may then use lactate to support synaptic activity65 and 
plasticity, for example, to provide intermediates for synaptic 
biosynthesis.66 Because increasing evidence shows that waking 
activity results in a net increase in synaptic strength whereas 
sleep favors synaptic renormalization,14-16,45-47 it is tempting to 
speculate that the observed increase in [lac] plays an impor-
tant role in maintaining these newly strengthened synapses. In-
deed, experimental block of lactate production and/or delivery 
to neurons abolishes hippocampal long-term potentiation and 
long-term memory formation.67

[Lac] and [oxy] also showed important differences during 
sleep. Specifically, during NREM sleep the rate of decline of 
[oxy] did not correlate with SWA, a measure of sleep intensity 
and sleep need.1 In both rodents and humans increases in sleep 
pressure are typically associated with increases in the low-fre-
quency EEG power in both wake68,69 and NREM sleep.1 How-
ever, as described previously, changes in [oxy] during wake 
were negatively correlated with changes in low-frequency EEG 
power, and positively correlated with changes in high-frequen-
cy EEG power. In stark contrast, the rate of decline of [lac] did 
reflect sleep pressure, because it was higher during early rather 
than late sleep and it correlated with SWA. Why should only 
[lac] be linked to the need for sleep? Although we can only spec-
ulate, one clue may be that the dynamics of [lac] during NREM 
sleep and its link with SWA mirrored those previously found 
for [glu], strengthening the connection between production of 
lactate and sleep-wake changes in [glu]. Because lactate pro-
duction may disproportionately occur within astrocytes,21 these 
observations also hint at a role for astrocytes in contributing to 
sleep homeostasis, consistent with previous studies showing a 
link between sleep regulation and gliotransmission.70,71 Regard-
less of the cell type responsible for lactate’s production, our re-
sults point to a role for lactate and the processes that lead to its 
extracellular buildup in sleep homeostasis. One previous study 
provided evidence for such a role in subcortical areas: it was 
found that sleep deprivation in young rats resulted in increased 
[lac] in the basal forebrain as well as increase in SWA during re-
covery sleep, whereas in older rats neither [lac] nor SWA were 
affected by sleep loss.72 Thus, at least in the basal forebrain, 
it appears that glutamatergic activity and lactate accumulation 
are essential regulators of sleep homeostasis. Interestingly, the 
same study also found that in young but not in older rats [lac] 
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in the basal forebrain correlated with the wake EEG power in 
the high theta frequency, considered to be a measure of cortical 
arousal.72 In the current study, we did not observe a similar re-
lationship between [lac] in the cerebral cortex and waking EEG 
theta power, nor were we able to characterize a specific aspect 
of waking activity that leads to the accumulation of cortical lac-
tate. In the future, it will be important to use our method to test 
how waking activity leads to lactate accumulation in different 
brain regions, whether the accumulation of lactate causally af-
fects subsequent sleep need, and if so, whether this occurs in 
some but not all brain areas.

These results point to a role for glycolytic processes in sleep 
homeostasis, but do not rule out a similar role for oxidative phos-
phorylation. A recent study linked the ATP levels during early 
NREM sleep to sleep homeostasis,73 but future experiments 
should investigate whether the sleep-wake history is reflected in 
progressive changes in mitochondrial enzymes’ activity and/or 
in the number or rate of movement of mitochondria.

When interpreting the results of this study, it is important to 
consider a number of limitations inherent to the experimental 
design and methodology. Amperometric recordings can typi-
cally measure only 1 analyte at a time and thus we were un-
able to simultaneously assess how behavioral state affects [lac] 
and [oxy] in the same animal. Moreover, although it is likely 
that [lac] and [oxy] predominantly reflect supply rather than de-
mand (see previous paragraphs), without independent measures 
of consumption and/or supply of these metabolites we cannot 
definitively conclude whether their observed changes arise from 
changes in supply, demand, or a combination thereof. Addition-
ally, our recordings were confined to prefrontal/motor cortical 
regions. We have conducted pilot recordings of [lac] in barrel 
cortex and [oxy] in visual cortex and observed qualitatively 
similar results to those presented here. However, more experi-
ments are needed to determine whether the observed relation-
ships between these energy metabolites, EEG power, and sleep 
homeostasis is similar throughout cortex. Finally, the associa-
tion between [lac] and sleep homeostasis is strictly correlative. 
Thus, future experiments investigating whether lactate accumu-
lation during waking has a causal role in mediating the need for 
sleep will be necessary to further understand the relationships 
between waking activity, glycolysis, and sleep homeostasis.
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