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Study Objectives: An ideal biomarker for sleep should change rapidly with sleep onset, remain at a detectably differential level throughout the
sleep period, and exhibit a rapid change with waking. Currently, no molecular marker has been identified that exhibits all three properties. This study
examined three substances (lactate, glucose, and glutamate) for suitability as a sleep biomarker.

Design: Using amperometric biosensor technology in conjunction with electroencephalograph (EEG) and electromyograph (EMG) monitoring, extra-
cellular concentrations of lactate and glucose (Cohort 1) as well as lactate and glutamate (Cohort 2) were recorded over multiple sleep/wake cycles.
Patients or Participants: There were 12 C57BI/6J male mice (3-5 mo old).

Interventions: Sleep and waking transitions were identified using EEG recordings. Extracellular concentrations of lactate, glucose, and glutamate
were evaluated before and during transition events as well as during extended sleep and during a 6-h sleep deprivation period.

Measurements and Results: Rapid and sustained increases in cortical lactate concentration (approximately 15 uM/min) were immediately ob-
served upon waking and during rapid eye movement sleep. Elevated lactate concentration was also maintained throughout a 6-h period of continu-
ous waking. A persistent and sustained decline in lactate concentration was measured during nonrapid eye movement sleep. Glutamate exhibited
similar patterns, but with a much slower rise and decline (approximately 0.03 uM/min). Glucose concentration changes did not demonstrate a clear
correlation with either sleep or wake.

Conclusions: These findings indicate that extracellular lactate concentration is a reliable sleep/wake biomarker and can be used independently

of the EEG signal.
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INTRODUCTION

Biosensors are a proven technology that can routinely and
rapidly measure changes in analyte concentration on a second-
by-second timescale in the extracellular fluid of freely moving
animals. This tool is particularly well suited to quantify analytes
that change in response to physiologic transitions that occur very
quickly, such as during wake and sleep. Recent biosensor stud-
ies on glutamate changes as a function of sleep/wake have been
crucial in defining the role of glutamate in the sleep process.'
Other studies using biosensors for either glucose* or lactate’
have examined these substances individually across the sleep/
wake cycle in rats. To date, no study has simultaneously exam-
ined the changes in lactate with either glutamate or glucose in
the same animal. The reliable, robust, and reproducible measure-
ments provided by biosensors are suitable for the development
of predictive models— especially those relating to metabolic
biomarkers. In this study, we simultaneously recorded from two
biosensors (lactate + glucose or lactate + glutamate) from within
the frontal cortex of mice over multiple sleep/wake cycles. The
biosensor recordings demonstrate that changes to brain lactate
concentration are highly correlative with sleep/wake state and
firmly establish lactate as a suitable metabolic biomarker.
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The National Institutes of Health Definitions Working Group
classifies a biomarker as “a characteristic that is objectively
measured and evaluated as an indicator of normal biological
processes.”® An ideal biomarker for sleep would demonstrate
rapid changes at sleep/wake transitions and remain at a con-
stant level throughout the duration of the sleep or wake epi-
sode. Currently, no known biomarker is accurate enough to be
a substitute for electroencephalographic measurement of sleep/
wake activity.

A major problem in modern sleep research is the ability to
quickly and accurately evaluate sleep and wake states indepen-
dent of the electroencephalograph (EEG) signal.” Sleep and
wake states are typically classified using continuous record-
ing of surgically implanted electrodes for recording EEG and
electromyography (EMG) signals. This approach yields a large
amount of data that must be independently and expertly scored
and categorized before an accurate picture of sleep emerges.
Although effective in smaller studies, scaling the analysis of
EEG and EMG signals to cohort sizes required for large-scale
screening paradigms is difficult. Identification of a metabolic
biomarker that accurately reflects sleep/wake state would con-
vey a significant benefit in conducting large-scale sleep studies
in rodent populations.

For this study we measured EEG and EMG biopotential
signals in conjunction with high-resolution electrochemical
biosensors to record lactate, glucose, and glutamate concen-
tration changes within the mouse cortex throughout multiple,
uninterrupted sleep/wake cycles. In addition to being the first
study to examine this phenomenon in a mouse model, this is
the first time multiple, simultaneous biosensor measurements
have been recorded as a function of sleep in any species. This
study also marks the first high-resolution detailed examina-
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tion of three neurometabolic substances across multiple sleep
and wake periods.

METHODS

Animals

Twelve C57BI1/6] male mice between 3-5 mo of age (3.9 +
0.2 mo) with an average weight of 29.8 + 0.9 g were obtained
from Jackson Laboratories (Bar Harbor, ME). Mice were main-
tained on a 12:12 h light-dark cycle with food and water avail-
able ad libitum throughout the study. All animal procedures
were approved by the University of Kansas Institutional Ani-
mal Care and Use Committee (IACUC).

Biosensor Construction

All biosensors were constructed according to previously
published methods."® Briefly, the working electrode is formed
by a Teflon-coated Pt-Ir wire with a 180 uM diameter (Med-
wire, Mount Vernon, NY). Silver wire was concentrically
wrapped around the insulated portion of the working electrode
then chloridized (0.3 M FeCl; in 0.1 M aqueous HCI) to serve
as the reference electrode. A 1-mm section of the working elec-
trode was then exposed to form the sensing cavity, which was
then sequentially coated with a selectivity membrane followed
by a sensing membrane. For construction of the glutamate bio-
sensor sensing membrane, glutamate oxidase (E.C. 1.4.311,
Yamasa Corp., Choshi-Chiba Japan) was used as part of the
sensing layer; for construction of the glucose biosensor sens-
ing membrane, glucose oxidase (E.C. 1.1.3.4, BBI Enzymes,
Blaenavon, Gwent, UK) was used as part of the sensing layer;
and for construction of the lactate biosensor sensing mem-
brane, lactate oxidase (E.C. 1.1.3.15, Sekisui Diagnostics,
Tokyo, Japan) was used as part of the sensing layer. Electroac-
tive interferents were excluded from detection by the presence
of a semipermeable membrane. This allows for the diffusion
of hydrogen peroxide while retarding most relevant electro-
active interferents in the brain, including neutral, negatively
and positively charged species. The characterization of the
membrane’s ability to exclude electroactive interferents has
been comprehensive, such that the signal correctly reflected
the concentration of each analyte of interest."*? All biosensors
are calibrated in vitro before implantation using standard pro-
tocols.! After explantation, all biosensors were immediately
(< 10 min) post-calibrated in a 37°C bath containing 100 mM
phosphate buffered saline (pH 7.4) buffer solution. Titration
of the biosensor response was accomplished by stepwise addi-
tion of L-glutamate (10 pM), L-glucose (1 mM), or L-lactate
(100 uM) at regular intervals (Figure 1A and 1B). Ampero-
metric changes in individual biosensor readings were used for
measurement of concentration changes in vivo. The specificity
of the biosensor’s analyte detection was further validated by
simultaneous implantation of a working sensor and a null sen-
sor (constructed in an identical fashion but lacking the sensing
enzyme) contralaterally within the same animal and recording
over a 12-h period (Figure 1C).

The selectivity of the biosensors used in this study has been
previously established in the literature."%'*!" Figure 1C illus-
trates that in the absence of the biorecognition element (the oxi-
dase enzyme), there is no significant change in current levels.
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This clearly demonstrates that the sensors are not influenced by
any endogenous compounds present in the brain. Furthermore,
it demonstrates that only in the presence of the biorecognition
element (the oxidase enzyme) do the biosensors respond to the
analyte of interest. Figures 1D, 1E, and 1F further demonstrate
the selectivity of the biosensors in vitro. Each selectivity plot
clearly shows the response of the biosensor to its analyte of
interest (Figure 1D: lactate, Figure 1E: glutamate, Figure 1F:
glucose) at physiologically relevant concentrations (lactate:
0.1 mM, glutamate: 10 uM, glucose: 1.0 mM). Common en-
dogenous electroactive interferents (norepinephrine, serotonin,
dopamine, and ascorbic acid) as well as non-electroactive
compounds (L-aspartic acid, L-glutamine, etc.) that represent
possible candidates for enzyme substrates were included in
the selectivity test. In all three cases (lactate, glutamate, and
glucose) the biosensor signal was not influenced by any of the
interfering compounds. These in vitro selectivity plots, in com-
bination with the null sensor data, clearly demonstrate the se-
lectivity of the biosensors.

Surgery

Under ketamine/xylazine anesthesia, cannulas for biosensor
recording (Part #MD-2255, BASi, West Lafayette, IN) were
placed bilaterally within the frontal cerebral cortex (A/P +1.7
to +1.9, M/L = 1.5, D/V -0.5). EEG recording screws with at-
tached wires (Part #8403, Pinnacle Technology, Inc., Lawrence,
KS) were placed contralaterally across the cortex and EMG
probes (#10IR5T, MedWire, Mount Vernon, NY) were inserted
into the nuchal muscles. All electrode leads were connected
to a head mount (Part #8402, Pinnacle Technology, Inc.) and
sealed with dental acrylic resin. After recovery from surgery (7
days), animals were placed in the recording chamber and con-
nected to a flexible tether for 24 h before biopotential and bio-
sensor recording. In one cohort of animals (n = 6), lactate (Part
#7004-Lactate, Pinnacle Technology, Inc.) and glucose (Part
#7004-Glucose, Pinnacle Technology, Inc.) biosensors were in-
serted into the guide cannulas; in the second cohort of mice (n
= 6), glutamate (Part #7004-Glutamate, Pinnacle Technology,
Inc.) biosensors were paired with lactate biosensors. Biosensor
insertion was done immediately after the 24-h tether acclima-
tion period and recording of the biosensor signal commenced
immediately. Accuracy of the sensor placement was confirmed
through examination of brain tissue during postmortem analy-
sis (Figure 2).

EEG/EMG Data Collection

A preamplifier unit (Part #8406-SL, Pinnacle Technology,
Inc.) rigidly attached to the mouse headmount provided 1st-
stage amplification (100x) and initial high-pass filtering (1st-
order 0.5 Hz for EEG and 10 Hz for EMG). All signals were
then routed to the conditioning/acquisition system (Part #8401,
Pinnacle Technology, Inc.) via a tether and low-torque commu-
tator (Part #8408, Pinnacle Technology, Inc.). The 8401 ampli-
fier/conditioning unit provided an additional fifty-fold signal
amplification, additional high-pass filtering, and an 8th order
elliptic low-pass filter (50 Hz EEG and 200 Hz EMG). The
signals were then sampled at 250 Hz, digitized using a 14-bit
analog to digital converter and routed to a PC-based acquisition
and analysis software package via USB.
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Figure 1—(A) Post-calibration curve for both a lactate (black trace) and a glucose (gray trace) sensor implanted in a mouse. Black arrows indicate addition
of 0.1 mM lactate, gray arrows indicate addition of 1mM glucose, and the hatched arrow indicates 250 mM ascorbic acid addition. (B) Linearity of the sensor
response to both lactate and glucose additions. (C) Simultaneous recording of active sensors for glucose and lactate along with the null sensors for each
analyte implanted contralaterally within the same animal. Typical in vitro Interference test plots for biosensors: lactate (D), glutamate (E), and glucose (F).
Biosensors were calibrated in 100 mM phosphate buffered saline (pH 7.4) at 37°C. The addition of analytes and interferents shown on the plots are as follows:
(1) L-lactate 0.1 mM, (2) L-glutamate 10 pM, (3) D-glucose 1.0 mM, (4) norepinephrine 1.0 uM, (5) serotonin 1.0 uM, (6) dopamine 1.0 pM, (7) gamma-
amino-butyric acid 1.0 uM, (8) tryptophan 2.0 uM, (9) L-cysteine 2.0 uM, (10) L-tyrosine 2.0 uM, (11) L-glutathione 2.0 uM, (12) L-glutamine 2.0 M, (13)
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Sleep Deprivation

After baseline recordings, 6-h of sleep deprivation were
administered using an automated sleep deprivation unit (Part
#8229, Pinnacle Technology, Inc.). Sleep deprivation was
achieved using a continuously slowly rotating bar (10 rotations/
min) suspended 1 inch above the floor and bedding within the
mouse cage. This device has been previously demonstrated to
provide effective short-term sleep deprivation in mice'? and has
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been proven compatible with sleep restriction paradigms. In all
cases, sleep deprivation was administered during the first 6-h of
the lights-on period. During sleep deprivation periods, food and
water were available ad libitum. Video monitoring of animal
activity and EEG data were analyzed during sleep deprivation
application to confirm that at least a 90% reduction in nonrapid
eye movement (NREM) sleep and a 100% reduction in rapid
eye movement (REM) sleep occurred during this period.

Lactate as a Biomarker for Sleep—Naylor et al



Figure 2—Histologic slice showing sensor placement (left) and corre-
sponding stereotaxic atlas page (right).
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Figure 3—Data traces showing simultaneous, synchronized lactate and
glucose biosensor traces along with corresponding electroencephalo-
graphic and electromyographic activity over a 2.5-h period. A hypnogram
indicating scored sleep/wake states is displayed at the top of the traces.
The biosensor traces are plotted uncorrected for sensor drift.

Sleep/Wake and Biosensor Analysis

EEG and EMG data were classified by an expert scorer as
10-sec epochs of wake, NREM, or REM sleep based on stan-
dard criteria® using the Sirenia® analysis package (Pinnacle
Technology, Inc.). Biosensor measurements were determined
by averaging 1-sec biosensor readings over the course of each
10-sec epoch. Converted biosensor measures were matched to
scored sleep epochs for comparison of analyte concentrations
between states. Sensor drift in baseline measurements was cor-
rected by subtraction to a fitted 1st -order exponential curve.

Analysis of individual lactate concentration change events
(peak—trough) measured from both the beginning and end of
the sleep deprivation time period demonstrated no significant
changes (P = 0.77) after application of the lst-order exponen-
tial curve subtraction. Thus, use of the Ist-order exponential
curve to help provide a more tractable baseline over time and
from animal to animal does not significantly alter the original
experimental data. The 1st-order exponential curve does, how-
ever, provide an acceptable method for quantifying long-term
biosensor data.

Table 1—Breakdown of overall WAKE, NREM, and REM sleep times as
well as sleep fragmentation computed using a 30-sec bout length.
Avg. + S.M.

TOTAL WAKE %

Light 34.1% £ 1.4%

Dark 59.2% + 3.5%
TOTAL NREM %

Light 55.9% £ 1.2%

Dark 36.0% £ 3.1%
TOTAL REM %

Light 10.1% = 0.5%

Dark 4.8% +0.5%
WAKE Bouts (#)

Light 403

Dark 42+4
NREM Bouts (#)

Light 73%2

Dark 565
REM Bouts (#)

Light 45+1

Dark 25+3
WAKE Length (min)

Light 59+£05

Dark 108+14
NREM Length (min)

Light 58+0.2

Dark 49+02
REM Length (min)

Light 1.7 +£0.05

Dark 1.4 +£0.05
Stage Shifts

Light 467 £ 26

Dark 320 + 31
Arousals

Light 137 £10

Dark 77+9

Statistical Comparisons

All statistical analyses were performed using the Statistica
7 package (StatSoft Inc, Tulsa, OK). Time series comparisons
were conducted using a repeated measures analysis of variance
(RM-ANOVA) and Tukey post hoc comparisons. Statistical
significance is reported for P < 0.05. Unless otherwise noted,
all error bars represent standard error of the mean.

RESULTS

This study used high temporal resolution amperometric bio-
sensors to simultaneously measure lactate, glucose, and gluta-
mate concentration changes in the extracellular space during
natural waking, NREM, and REM sleep periods and during a
short period of sleep deprivation. Sleep/wake times and bout
architecture are shown in Table 1 and agree favorably with pre-
viously published reports using this species.'*!'> An example of
EEG and EMG waveforms plotted simultaneously with raw,
uncorrected biosensor traces for lactate and glucose from a sin-
gle animal is shown in Figure 3. Biosensor recordings are well
suited for quantifying sec-by-sec changes in neurotransmitter
release during sleep in a manner that does not perturb the equi-
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Figure 4—Multiple sleep/wake cycles recorded using simultaneous electroencephalographic and (A) lactate/glutamate biosensors or (B) lactate/glucose
biosensors plotted during the lights-on period. Epochs scored as wake are noted in red, non-rapid eye movement (NREM) sleep epochs are colored blue,
and rapid eye movement (REM) sleep epochs are indicated in green. Concentration change for each analyte is indicated on the y-axis. The lower graphs
(C, D) correspond to time periods on the upper graphs indicted by the solid box. In all expanded graphs, lactate concentration change is plotted in a manner
similar to that of the large-scale graphs with colors indicating sleep/wake state and the secondary analyte (C) glutamate or (D) glucose plotted as on overlay

librium of the local environment® and, as revealed in Figures
1B through 1F, this biosensor design is extremely selective for
the analyte of interest. By calibrating each biosensor after ex-
plantation, the recorded in vivo current can be transformed into
meaningful changes in analyte concentration allowing multiple
biosensors implanted in multiple animals to be directly com-
pared.

In the first cohort (n = 6) changes in lactate and glutamate
concentrations were measured bilaterally within the prefron-
tal cortex in conjunction with cortical EEG and intramus-

cular EMG activity. Upon waking, changes in extracellular
lactate concentration immediately increased, remained elevated
throughout the duration of the wake episode, and rapidly de-
clined at NREM sleep onset. Extracellular glutamate (fuchsia
line in Figure 4C) demonstrated a similar pattern, but the time
course of the increase and decrease were significantly slower
than that observed for lactate (Figures 4A and 4C). The second
cohort (n = 6) consisted of an identical cannula location place-
ment with a glucose sensor substituted for the glutamate sen-
sor. As expected, lactate showed an identical response as that
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seen in the first cohort, but in contrast to glutamate, changes in
glucose concentration (orange line in Figure 4D) showed a tran-
sient decline with waking and transient increase at sleep onset
(Figures 4B and 4D).

Analyte changes were quantified for all wake episodes lon-
ger than 15 min that terminated after 1 min of continuously
recorded sleep. Specific concentration measurements using the
biosensors relied on changes measured relative to a defined
baseline value. For this purpose, the baseline comparison pe-
riod for each wake episode was calculated using the average
analyte concentration value from the 5 min of sleep immedi-
ately preceding wake onset. This method was used to directly
average biosensor concentration readings across the recording
period for each animal. Lactate biosensor readings for both ex-
perimental cohorts were statistically equivalent during wake
(2-way RM-ANOVA DF = 1, F = 2.07, P = 0.18). Thus, the
wake periods of both cohorts could be combined for analysis.
By analogy, the changes in lactate levels during sleep periods
of both cohorts could also be combined (2-way RM-ANOVA
DF=1,F=3.18,P=0.10).

The decision to use a 1-min time period was based on our
data and experience with biosensor analysis. Individual lac-
tate levels can be observed to increase almost immediately
upon waking and exhibit a clearly significant elevation within
1 min after a transition. If the biosensor data are reanalyzed
using a classic bout length of 30 sec, the same trends are ob-
served. Statistically, there is no group-effect difference when
the same dataset is analyzed in 30-sec versus 60-sec bouts (2-
way RM-ANOVA, lactate wake: DF = 1, F = 0.04,P = 0.861;
glutamate wake: DF = 1, F = 0.10, P = 0.776, lactate sleep:
DF =1, F=1.15, P = 0.304; glutamate sleep: DF = 1, F =0.74,
P = 0.405). The advantage of the 60-sec bout length is that the
number of bouts and the bout length increases relative to the
30-sec bout length, which further increases the statistical power
of the biosensor analysis. Thus, NREM epochs < 60 sec oc-
curring within the 15- to 35-min periods were not considered
to be sufficient to be taken into account as sleep episodes for
the purpose of biosensor analysis, even though such periods are
frequent during the dark period.

For all mice used in this study, we observed an average of
9.7 £ 2.6 wake episodes per animal that were 15 min or longer
in length and 3.2 + 2.0 wake episodes per animal that were
longer than 35 min. Likewise, we observed 12.2 + 2.8 sleep
episodes that were 15 min or longer and 6.6 + 2.1 sleep epi-
sodes longer than 35 min. Spontaneous wake periods longer
than 35 min are observed in this species (albeit with small
periods of NREM epochs present) and we measured between
1 and 4 of these in each animal over the course of a 12- to 18-h
recording period.

Immediately after waking from sleep, all analytes dem-
onstrated a significant deviation from baseline sleep levels
(lactate: DF =41, F = 18.99, P < 0.001; glutamate: DF = 41,
F =12.96, P <0.001; glucose: DF =41, F =5.51, P <0.01).
Extracellular lactate demonstrated the most dramatic change,
increasing by 15.4 £ 1.7 uM/min for approximately the first
6 min of waking, before slowing accumulation to a maximum
increase of approximately 150 pM above baseline within 25
min (Figure 5A). Mice are polyphasic and can exhibit sponta-
neous, long wake bouts at all times of the day. We measured
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lactate concentration in more than 100 spontancous wake
episodes, 35% of which were longer than 30 min and 10% of
which were longer than 1-h. In each of these events, lactate
remained at least five standard deviations above the baseline
concentration for the duration of the wake episode and dem-
onstrated no sign of declining. We do not believe that obser-
vation of longer waking episodes would enhance or alter the
significance of these findings.

Similar to that of lactate, glutamate concentration also
steadily increased by 0.034 + 0.005 pM/min before plateauing
at a maximum increase of 0.8 uM above baseline within 40
min after waking. Extracellular glucose levels demonstrated a
nonlinear response, declining at a rate of 13.6 + 2.6 pM/min
and reaching a nadir of approximately -90 uM in within the first
7 min of waking before returning to near-baseline levels within
20 min of waking. After 20 min of continuous waking, glucose
concentration changes were found to be highly variable and
were independently observed to continue increasing, to decline,
or to remain steady in comparison with the sleep baseline. The
variability of the glucose response at long time periods is at-
tributed to the individual actions and activities of each animal.

Figure 5B illustrates the significant changes in analyte con-
centration noted during transition into NREM sleep (lactate:
DF =41, F =22.61, P<0.001; glutamate: DF =41, F = 18.76,
P < 0.001; glucose: DF = 41, F = 12.73, P < 0.001). Analo-
gous to previously measured transitions, 5 min of waking ac-
tivity immediately preceding the sleep episode onset was used
to establish the baseline for subsequent changes. The analyte
response noted during prolonged sleep (> 15 min) can be ob-
served to be inverse of the waking pattern. Both lactate and
glutamate concentrations declined during sleep (13.9 £ 1.2 uM/
min and 0.028 + 0.002 pM/min, respectively). These rates of
decline were similar in magnitude to the rates of rise in ana-
lyte concentration noted during wake. Lactate reached a mini-
mum concentration change of approximately 140 pM within
30 min of entering sleep, although almost 75% of this decline
was noted to occur within the first 7 min of the NREM period.
Glucose concentration exhibited an opposite trend to that seen
upon waking and immediately increased by 16.7 = 1.2 uM/min,
reaching a maximum concentration increase of approximately
100 uM within 8 min of entering sleep before returning to base-
line before the onset of the 1st REM period.

Similar to waking transitions, increases in lactate concentra-
tion were clearly noted during longer REM sleep periods. Mea-
surement of analyte changes during REM sleep relied upon a
technique similar to that used for previous transitions. Due to
the shortened nature of REM episodes in the mouse (typically
< 3 min in length) only 1 min of NREM sleep immediately
before REM onset was used to establish the baseline. After 2.5
min of continuous REM sleep, extracellular lactate concen-
tration was significantly elevated (14.1 + 4.6 uM, P = 0.001,
1-sample #-test) and glucose concentration trended lower (-8.4
+ 5.4 uM, P = 0.09, 1-sample #-test). REM sleep periods of
less than 1 min in length did not demonstrate any appreciable
change in analyte concentration.

Our data reveal a fundamental relationship between lactate
and sleep/wake transitions. The observed changes in lactate
concentration are significant for sleep/wake transitions, and
also show significance for REM sleep bouts that are longer
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Figure 5—Average concentration change as a function of time for lactate (solid black line), glucose (dashed black line), and glutamate (solid gray line) during
(A) wake and (B) sleep episodes longer than 15 min. The baseline comparison period was calculated using the average value from the 5 min immediately
preceding stage onset (vertical dashed gray line). Symbols indicate P < 0.05 (*lactate, *glucose, *glutamate) over each analyte’s calculated baseline (Tukey
post hoc). Bars represent standard error of the mean. The patterned bars at the bottom represent the three response phases for glucose: initiation phase (IP),
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Figure 6—Correlational analysis between wake episode length and con-
centration changes for lactate (o), glucose (o) and glutamate () for all
(A) wake or (B) sleep periods longer than 5 min.

than 2.5 min. REM bouts shorter than 1 min did not show
an appreciable change in lactate concentration. REM bouts
between 1 and 2.5 min were associated with a steady increase
in lactate concentration, but this increase was not statistically
significant in all cases. Thus, we have limited our analysis to
REM bouts that are longer than 2.5 min. Shorter REM bouts
would be difficult to distinguish by lactate concentration
alone, and currently would still require an EEG for complete
accuracy.

It should be noted that lactate consistently declines by ap-
proximately 100 pM during NREM sleep periods, whereas
REM sleep periods may result in increases up to only 20 uM
for brief periods of time. Thus, even when maximally elevated,
REM sleep increases are insufficient to overcome the overall
decline in lactate concentration during NREM sleep periods.
For longer REM bouts, a change in lactate concentration is
always present, and is statistically significant, but is typically
approximately 20% the magnitude of those changes seen for
sleep/wake transitions. The magnitude of change can also be
used, even the absence of an EEG single, to help identify REM
sleep bouts > 2.5 min.

For an analyte to be an accurate biomarker indicative of
wake and sleep transitions, concentrations should change in a
consistent and predictable manner corresponding to changes in

sleep or wake state. Here, the lactate concentration reflects a
wake state by a rapid rise upon waking that remains at a con-
sistently elevated level throughout the entire waking period.
Furthermore, the lactate concentration reflects sleep by rapidly
declining at sleep onset and remaining at a consistently de-
pressed level throughout the entire sleep period.

By defining a significant change in lactate elevation to be
five standard deviations above baseline concentration, an
analysis of 147 wake transitions found lactate concentrations
to be significantly above baseline within 1 min of waking (51
+ 9 sec). Glutamate was much more variable, taking almost 5
min (284 + 66 sec) to reach a significant, steady-state increase
with waking. The longevity of this elevation was assessed by
pooling all waking events longer than 5 min in length across
all recording periods (Figure 6A). Lactate increase correlated
nearly perfectly with time awake for every wake episode mea-
sured (R* = 0.989, P < 0.001). Glutamate also demonstrated
a significant correlation (R>=0.939, P <0.001), but this cor-
relation was less significant in comparison with lactate and
requires a longer timescale to achieve sustained significance.
Both of these analytes likewise declined with sleep onset and
remained significantly below wake concentrations for the du-
ration of all sleep episodes longer than 5 min (Figure 6B).
The correlation between the duration of lactate decline dur-
ing sleep was nearly as striking (R* = 0.986, P < 0.001) as
the lactate increase during wake. Again, consistent with the
trends observed during waking, the change in extracellu-
lar glutamate concentrations were significant but less so in
comparison with lactate, and required a longer timescale to
achieve sustained significance.

If changes in extracellular lactate concentration are a use-
ful sleep/wake biomarker, this should also be reflected dur-
ing periods of enforced sleep restriction. To examine if the
lactate concentration remained high even during periods of
long-term sleep restriction, five animals were subjected to
enforced sleep deprivation using a slowly rotating bar at the
beginning of the lights-on period immediately after baseline
recording. This approach to sleep restriction emulates gentle
handling in a user-defined manner without the need for con-
stant human intervention.'?

As shown in Figure 7A, enforced, long-term sleep depriva-
tion resulted in a sustained increase in lactate concentration
throughout the entire period of wakefulness followed by a rap-
id decline beginning immediately with the onset of recovery
sleep. During enforced wakefulness, all mice demonstrated a
rapid and sustained increase in lactate concentration at an ini-
tial rate similar to that observed during a typical wake transi-
tion (15.6 + 4.4 uM/min). Although not significantly different
(P =10.22), analysis of the lactate concentration change after 30
min of continuous sleep deprivation (196 + 60 uM) was found
to be higher than the average measured change after 30 min of
spontaneous waking (144 + 33 uM).

During this same period, glucose concentration demon-
strated the characteristic decrease immediately upon awaken-
ing followed by an increased concentration over initial baseline
concentrations and extremely high variability throughout the
course of the enforced wake period (Figure 7B). To better
clarify the variability of glucose concentration during extended
wake periods not involving forced sleep deprivation, we ana-
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lyzed 61 spontaneous wake episodes lasting from 15-90 min.
We found that for wake episodes lasting between 15 and 20
min, glucose concentrations were higher than pre-sleep concen-
trations 31.6% of the time; for episodes lasting from 21-30 min,
glucose concentrations were higher than pre-sleep concentra-
tions 45.0% of the time; and for episodes longer than 31 min
glucose concentration was at or above pre-sleep concentrations
68.2% of the time. At the onset of NREM recovery sleep, the
observed glucose surge was similar to that consistently ob-
served during normal sleep. Although it was not directly mea-
sured in this study, extracellular glutamate concentration has
been reported to initially increase, then gradually decline, over
the course of a 6-h sleep deprivation period.>'®

DISCUSSION

This study presents the first high-resolution, simultaneous
sampling of lactate, glucose, and glutamate over the course of
multiple sleep/wake cycles in any animal. Data obtained from
continuous sampling of in vivo biosensors in conjunction with
EEG activity demonstrated that changes in extracellular lactate
and glutamate concentrations within the cerebral cortex in-
creased upon waking. Changes in extracellular central nervous
system (CNS) glucose concentration first exhibited a notable
and transient decline before returning to the levels measured
during sleep; in many instances the levels continued to increase
with extended waking. Lactate and glutamate concentrations
remained high throughout the duration of waking, whereas
glucose concentration tended to fluctuate. NREM sleep onset
resulted in a reversal of these trends with the decline in lactate
concentration exhibiting the most rapid time course. Lactate and
glutamate both remained near their nadir over the entire course
of the sleep episode, although during extended periods of REM
sleep (longer than 1 min), lactate concentration increased in a
manner similar to that during wake, but only reached statistical
significance after 2.5 min.

Our finding that lactate rapidly increased upon waking while
extracellular glucose simultaneously declined has not been
previously demonstrated. Earlier reports suggested that extra-
cellular lactate increased with waking,>'""'” consistent with our
data reported herein. However, these earlier studies were all of
lower resolution and, with the exception of the study by Shram
and et al.,’ the analysis was done on brain homogenates in con-
trast with the freely moving participants used in this current
study. None of the previous studies analyzed the fine archi-
tecture of individual sleep/wake periods vis-a-vis changes in
lactate concentration.

The primary energy analytes that are needed to help sup-
port neuronal action potentials are glucose (the primary energy
source), lactate (the critical intermediate energy store), and glu-
tamate. Earlier studies have independently examined changes
in lactate,” glucose,** and glutamate'** concentration at vari-
ous time points across the sleep/wake cycle, and the results are
largely in agreement. This study is the first to simultaneously
examine these changes in conjunction with biopotential record-
ings from multiple biosensors. Extracellular lactate concentra-
tions in the brain have been reported to be lower during NREM
sleep than during waking and REM,*'”"? whereas glucose con-
centration is reportedly increased during the NREM period.**
In concordance with its role as the primary excitatory neu-
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Figure 7—(A) Average lactate concentration change in five animals dur-
ing 15 min baseline (open bar), 6-h of enforced sleep deprivation (gray
bar), and 30 min of recovery sleep (hatched bar). (B) Average glucose
concentration change in five animals during 15 min baseline (open bar)
and 6-h of enforced sleep deprivation (gray bar). In both graphs, the black
line indicates the mean change in concentration from baseline values and
the gray bars indicate standard error of the mean.

rotransmitter, extracellular glutamate increases with wake and
during REM sleep.'?

Action potentials and postsynaptic processing are estimated
to account for more than 70% of the total energy consumed
by neurons with estimates of signal-related energy use to be as
high as 30-50 uM adenosine triphosphate/g/min.?! This height-
ened demand requires the availability of a continuous energy
supply for sustained neuronal firing. In an apparent paradox,
these energy-hungry neurons store negligible amounts of glu-
cose and glycogen, instead relying on astroglial cells to provide
essential fuel for activity.”? Although a portion of circulating
glucose is directly taken in by neurons, it is estimated that up to
80% is absorbed directly by astrocytes®?* where it is converted
to both glycogen and lactate. Lactate then moves into the intra-
cellular space via monocarboxylic transporter proteins (MCT1
and MCT4) and delivered to neurons via uptake through the
MCT?2 transporter. This mechanism is commonly referred to
as the astrocyte-neuron lactate shuttle hypothesis (ANLSH)*
and is supported by extensive experimental evidence.’** Not
surprisingly, lactate has been shown to be efficiently oxidized
by neurons under aerobic conditions,?® whereas in vitro stud-
ies have demonstrated a neuronal preference for the uptake of
lactate over glucose.***!' These studies suggest that both lactate
and glucose provide complimentary roles as primary neuronal
energy sources.

Studies by Magistretti et al.***>* on neuroenergetic path-
ways provide a detailed description of why lactate, the pre-
ferred energy substrate for use by active neurons during wake,
should be highly correlative with sleep/wake state. The local
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fuel reservoir behind the blood-brain-barrier is lactate, which
is formed rapidly in astrocytes and whose concentration can
be maintained at high levels under aerobic conditions to sup-
port acute and chronic neuronal energy needs. This picture fur-
ther mitigates the conflict between immediate energy demands
upon neuronal firing and the glucose transport limitations of the
blood-brain barrier.

The main hypothesis of the ANLSH is that enhanced lac-
tate consumption occurs upon neuronal activation and that the
source of the lactate is from stores in the extracellular space via
neighboring astrocytes. This hypothesis was investigated by Hu
and Wilson, who examined the interplay of lactate and glucose
under conditions of heightened neuronal activity (e.g., applica-
tion of a stimulus to the brain of an anesthetized rat'’). Their
landmark biosensor study on brain energy dynamics clearly
demonstrated that under conditions of acute aerobic energy de-
mand the brain preferentially uses extracellular lactate stores to
make adenosine triphosphate—a process that is highly efficient.
Magistretti et al. used the data from Hu and Wilson to develop a
mathematical model that provided a comprehensive description
of brain lactate kinetics.** The composite work of Magistretti et
al. and others provides a complete depiction of neuronal energy
dynamics and elucidate the critical role of lactate in supporting
action potential firing.

Recent studies by Suzuki et al.** have demonstrated that dis-
ruption of the neuronal lactate transporters MCT1, MCT2, and
MCTH4 in the hippocampus resulted in amnesia and have sug-
gested that lactate plays an important role in memory consoli-
dation. Suzuki et al.** further reported that microinjections of
L-lactate into the hippocampus restored long-term memory abil-
ity following MCT1 and MCT4 disruption but failed to restore
memory in the case of MCT2 disruption. It is well established
that even short-term sleep impairment results in memory-relat-
ed difficulties®® and Suzuki et al. clearly state in their hypoth-
esis that “lactate import into neurons is necessary for long-term
memory.” Because this biosensor design only measures change
within the extracellular space, an increase in lactate concentra-
tion with prolonged waking could indicate an increase in sup-
ply, a decrease in uptake or, more likely, a combination of these
two factors. Our findings from the cortex are entirely consistent
with those of Suzuki et al. Confirming our findings in the hip-
pocampus, where Suzuki et al. performed their studies, would
provide important further evidence that memory impairment
resulting from sleep deprivation is likely due to alterations in
the MCT2 transporter and deficient lactate uptake into neurons
despite increased extracellular concentrations.

Although lactate and glutamate concentrations change in
a consistent manner with sleep and waking, the measured
changes in extracellular glucose demonstrated a very dif-
ferent pattern by declining at waking and rising during the
initial NREM sleep onset. This specific pattern of short-term
glucose perturbation with sleep/wake cycling has not been
previously documented. A previous study by Netchiporouk
et al.* used a similar biosensor methodology to examine only
glucose changes across the sleep/wake cycle. However, their
analysis did not correlate glucose changes as a function of
scored epochs, but instead grouped all NREM and all REM
episodes together. They concluded that, in comparison with
waking, glucose increased during all NREM sleep periods and

decreased during REM sleep. This result is not inconsistent
with our findings, and, if all of our NREM glucose results
were averaged, the result would indicate higher overall lev-
els during sleep. However, the increased sampling resolution
provided by biosensor technology used in this study allows a
clear elucidation of the transient change in extracellular glu-
cose during sleep/wake transitions.

The initial glucose surge may represent continued glucose
delivery necessary for increasing CNS glycogen stores, an
event that occurs within 10 min after sleep onset.’” Likewise,
the decline in glucose at wake transitions may be explained by
arapid absorption of available glucose by both resource-hungry
neurons and astrocytes paired with an immediate lack of new
glucose delivery from the bloodstream. A similar phenomenon
documenting a decline in extracellular glucose in conjunc-
tion with increased neuronal activity has been reported during
learning tasks. McNay et al.*® have reported clear declines in
extracellular hippocampal glucose concentration lasting ap-
proximately 20 min when a rat is introduced into an elevated
maze learning task. Similar to these learning tasks, waking
from sleep also involves a heightened level of neuronal activa-
tion. This initial glucose decline likely represents a large uptake
of available glucose by both astrocytes and neurons during in-
creased neuronal activity.?-%%

After the initial glucose decline upon waking, glucose con-
centration changes were found to be highly variable. Our data
show that each animal had an independent response after ap-
proximately 20 min, where the change in glucose concentra-
tion could be observed to continue rising, decline, or remain
steady. Furthermore, our analysis of glucose activity during
spontancous waking periods indicated that the longer an ani-
mal remains continuously awake, there is a greater probability,
but not a certainty, that the glucose concentration will increase
above the waking baseline values. Despite the fact that glucose
is the primary energy source, it does not correlate in a 1-to-1
manner with sleep/wake, and as such is unsuitable for use as a
biomarker. Individual animal actions are important with respect
to glucose concentrations. This specific experiment was not de-
signed to examine locomotor activity, feeding activity, or food
restriction with regard to CNS glucose activity.

Lactate concentration changes were also found to be elevat-
ed during the enforced sleep deprivation period. Relative to the
change observed during spontaneous waking, lactate change
during sleep deprivation was increased (approximately 25%).
This heightened level may reflect increased stress due to sleep
deprivation and/or increased motor activity induced by the ro-
tating bar. As noted by Shram et al.,’ “lactate is very sensitive to
an animal’s activity and its variation can be detected in any situ-
ation displaying a spontaneous motor activity.” Because both
stress and activity have been explicitly noted to increase brain
lactate concentration,>* we cannot rule out either mechanism
as responsible for increased elevation of lactate levels relative
to spontaneous waking measurements. A direct assessment of
stress hormones might assist in dissecting the exact physiologic
mechanisms of the increase in lactate concentration, especially
under the conditions of sleep deprivation, but would not change
our fundamental conclusion that lactate concentration increases
during wake, decreases during sleep, and remains high during
periods of enforced wakefulness. Regardless of the mechanism,
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lactate concentration remains low throughout the entirety of ex-
tended sleep periods, a finding that is consistent with our hy-
pothesis that a change in lactate concentration is an excellent
method for assessing sleep/wake state.

Other studies have been undertaken for all of these analytes
that provide estimated absolute analyte ranges, although there
is no study-to-study agreement as to the true absolute concen-
tration. Estimates of lactate concentrations within the rat brain
using microdialysis have been measured between 350 uM in
the striatum* to 410 uM in the cortex,** whereas absolute ex-
tracellular concentrations of glucose in the brain range from
0.6-1.0 mM.** These measurements usually fail to account
for the physiologic state of the animal, which, as shown in this
study, can cause a dramatic change in the value observed. Ex-
tracellular glutamate concentrations in the rat have been re-
ported to be within an extended range of 1-5 uM,*-! whereas
reported absolute values in the mouse prefrontal cortex are
similar (3.3 + 1.3 pM).** It should be noted that the microdialy-
sis-determined absolute level analyte concentration is difficult
to directly compare to the changes in analyte concentration
determined by a biosensor. This is due, in part, to the tempo-
ral difference in the standard measurement (sec for biosensors
versus min for microdialysis).

The magnitude of an analyte’s absolute level may be used
to assess the significance of the analyte change determined by
the biosensor measurement. For example, if the changes in
analyte concentration determined by the biosensor far exceed
the reported absolute level value, it would suggest that one or
both of the measurements may be compromised. For lactate,
the changes in lactate concentration determined by the biosen-
sors in this study show a range of concentration changes (+ 150
uM) that correspond to 35% of the absolute value determined
by microdialysis. For glucose, the changes in concentration
determined by the biosensors show a range of + 80 uM. This
measured change corresponds to 10-15% of the absolute value
determined by microdialysis and is consistent with other mea-
sured extracellular fluid declines in glucose concentration as-
sociated with neuronal activation.*® For glutamate, the changes
in the glutamate concentration determined by the biosensors
show a range of concentration changes of + 0.6 pM that cor-
respond to 20% of the absolute concentration determined by
microdialysis in mice. This provides further validation of our
biosensor measurements.

The biosensors used in this study are not designed to mea-
sure the absolute concentration of an analyte in an in vivo space.
Rather, these biosensors are specifically designed to provide
reliable, reproducible, and consistent measures of the sec-by-
sec changes in analyte concentration over a period of time. The
data derived from biosensors are sufficiently robust and the
reproducibility of their measures is sufficiently high that pre-
dictive models can be derived. For example, our data reveal a
heretofore unrecognized yet fundamental relationship between
changes in lactate concentration and the sleep/wake cycle. The
variations in analyte concentration presented in this study are in
agreement with published values for these analytes. The con-
centration variations reported herein all fall well within the lit-
erature estimates of the absolute concentrations and at no time
is the reported variation at odds with the absolute concentra-
tions described in the literature.

Such clear correspondence with sleep/wake cycling suggests
that both lactate and glutamate may be viable biomarkers. Our
results on the changes in extracellular glutamate concentration
compare favorably with previous studies that reported increases
in glutamate in the cerebral cortex during wake in mice'**5*
and rats.” Both glutamate and lactate concentrations change
markedly upon waking and remained significantly elevated in
comparison with levels measured during NREM sleep. This is
true for both natural waking (Figure 5A) and enforced wakeful-
ness periods (Figure 7).>** However, the lactate concentration
changed much more rapidly, showing clear increases measured
within 1 min after waking or NREM sleep onset (i.c., a response
of 5 standard deviations from baseline levels).

Measured glutamate concentrations were more variable and
slower to respond to the physiologic state, typically taking 5
min or longer to reach the same level of change. Furthermore,
changes in lactate concentration could clearly be seen during
REM sleep episodes longer than 1 min, and these changes were
significantly higher after 2.5 min. Finally, it is known that glu-
tamate concentration initially peaks and then slowly declines
during extended waking periods (> 3-h) in both mice' and rats.?
By contrast, this study demonstrates that changes in extracel-
lular lactate concentration remain high throughout extended
periods of wakefulness, yet consistently and rapidly returned to
baseline levels only when sleep restriction was terminated. Our
findings clearly identify extracellular CNS lactate fluctuations
to be a superior biomarker for indication of sleep/wake states
in mice. We fully expect that lactate would also prove to be an
excellent sleep/wake biomarker in other species.

A framework for the evaluation of an analyte response as a
possible biomarker for sleep/wake and, more generally, for any
physiologic state change can be generalized based on these re-
sults. Once a baseline is established, the change in physiologic
state can result in up to three distinct response phases (time
periods) based on the measured change in analyte concentra-
tion. The first response phase is the initiation phase (IP), which
coincides with the physiologic state change. During the IP, the
change in analyte concentration (either increasing or decreas-
ing), relative to the defined baseline, is rapid and distinct. The
second is the equilibrium phase (EP), which reflects the main-
tenance of the physiologic state. During the EP, analyte concen-
tration stabilizes for the duration of the physiologic state and
at a value that ideally is distinct from the baseline. The third
is the transition phase (TP), which signals a change in analyte
concentration opposite of that observed in the IP. A TP is not
always present, and is not limited to a single instance during the
physiologic state. These three time periods are shown for the
glucose response for wake (Figure 5A) and sleep (Figure 5B).
The transition from IP to EP for lactate and glutamate are indi-
cated by a single arrow in Figures 5A and 5B. Neither analyte
displays a TP.

To be a viable biomarker, we hypothesize that the response
of an analyte over the time course of a physiologic state should
not include a TP (e.g., changes in glucose concentration), and
that the concentration observed during the EP must be distinct
from the original baseline value (e.g., changes in lactate and
glutamate concentrations). Further, our data also suggest the
best biomarker will be the analyte that presents the most rapid
change in concentration during the IP and the greatest absolute
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change from baseline during the EP (lactate versus glutamate
concentration changes).

Our data show that the response of glucose during sleep/
wake transitions is distinct from lactate and glutamate. Glucose
shows all three phases, with a distinct TP during both wake and
sleep episodes at 7-8 min. During the EP, the observed glucose
concentration returns to baseline at 20-23 min during sleep and
wake. By contrast, neither the lactate nor glutamate responses
show a TP, and both achieve EP concentrations that are signifi-
cantly elevated (wake) or depressed (sleep) relative to the ap-
propriate baseline after approximately 18 min. Although lactate
and glutamate are both potential biomarkers for sleep/wake, the
lactate response is more robust and more rapid during IP and
shows a larger change relative to the baselines during EP for
both sleep and wake episodes. Thus, based on these criteria, and
consistent with all the data in this study, the fundamental re-
lationship between lactate and sleep/wake transitions indicates
that lactate is a biomarker for this physiologic state change.

This study represents the first experimental support of the
ANLSH on a sec-by-sec basis in a conscious, freely-moving an-
imal. Our data are consistent with the prediction of the ANLSH
in that extracellular lactate concentrations increase during peri-
ods of heightened neuronal activity and decrease during periods
of neuronal quiescence. The clear demarcation of physiologic
state change from sleep to wake and wake to sleep provides
a unique model for examining in vivo neuronal activity in the
absence of other confounds.

Time awake is the primary driving force and strongest pre-
dictor of the magnitude of the homeostatic response upon en-
tering into sleep. The exceptionally high correlation between
increased lactate during wake and decreased lactate during
sleep represents a previously undescribed phenomenon with
respect to CNS lactate levels. When considered together, it is
not unreasonable to assume that elevated lactate or lactate by-
products may underlie some component of sleep homeostasis.
This opens the possibility of new avenues for investigation of
the sleep homeostatic mechanism.

Whereas increases in cortical lactate concentration during
REM sleep have been reported in previous studies,’ this is the
first report whereby sec-by-sec resolution has been used to ex-
plicitly measure these changes in detail. Our results show that
lactate concentration changes are sufficient to identify signifi-
cant sleep/wake changes. Our results also suggest that lactate
concentration changes alone may be sufficient to identify REM
periods longer than 1 min within extended sleep bouts. REM
sleep periods of less than 1 min in length are not generally de-
tectable by this method. Based on previous data,* the increase
in lactate with waking and REM sleep is almost certainly due
to an increased lactate release from astrocytes in response to
increased neuronal glutamate release and higher metabolic de-
mands of this sleep stage.® These findings are intriguing from
a physiologic standpoint and suggest that increased lactate
demand by neurons may be an important component of REM
sleep. Given the measured decline in lactate with NREM onset,
reduced lactate during the sleep period may be partially respon-
sible for the limited duration of REM sleep in rodents.

These measured lactate changes are unlikely due to altera-
tions in circulating lactate as plasma and liver lactate concentra-
tions have been shown to have a circadian rhythm, increasing

during the dark period and decreasing during the light period.>
Additionally, the increase in lactate during REM sleep, a period
of neuronal activity similar to waking but without associated
body movement, lends further support to the idea that these
changes are brain-specific. Alterations in brain lactate concen-
tration under pharmacologically induced sleep (e.g., melatonin
or zolpidem) or wake (e.g., caffeine or modafinil) still remain
to be investigated. However, these data point to a dynamic and
intertwined association between glucose, lactate, and glutamate
that can be directly related to changes in neuronal firing activity
between wake, NREM and REM sleep states.

It is important to recognize that this study is not designed to
assess genotypic or phenotypic changes in sleep architecture
but rather offers a new approach to rapidly screen changes in
sleep/wake architecture that may arise, for example, from ge-
notypic or phenotypic alterations. Indeed, the ability to rapidly
assess the classic analysis of sleep/wake architecture changes
relies solely on the scoring of EEG and EMG data, which is
recognized as time-intensive and laborious. It should be noted
that although lactate concentration change alone is excellent
for identification of wake periods lasting longer than 1 min,
this method is less sensitive to shorter periods. Fine-grained
analysis of very short wake or sleep bouts lasting 1 min or less
may not be detectable using this method. The reliability of the
changes in lactate concentration as a function of sleep/wake of-
fers a new and exciting paradigm to rapidly assess whether such
changes exist in the absence of an EEG/EMG based score.

This study reveals that monitoring changes in lactate levels
is sufficient to accurately describe sleep/wake transitions and
demonstrates the usefulness of lactate as a sleep/wake biomark-
er. When compared with traditional EEG monitoring, biosensor
implantation and recording requires a similar level of technical
expertise. However, one major advantage demonstrated by this
study is that post-processing of the collected data can be accom-
plished faster and easier using changes in lactate concentration
to rapidly define overall periods of sleep and wake. Simultane-
ous biosensor and biopotential recordings are complementary
and together can be used to uncover previously unknown physi-
ologic relationships. The incorporation of lactate changes into
sleep analysis paradigms may help augment and improve auto-
mated scoring and may find use in developing new strategies
for automated sleep analysis. Furthermore, unlike biopotential
monitoring, biosensors also provide information regarding the
change in concentration of the analyte as a function of time.
These data may prove useful in unraveling neurologically rel-
evant metabolic pathways, including neuroenergetic pathways.
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