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Study Objectives: Our previous studies showed that evoked hemodynamic responses are smaller during wake compared to sleep; suggesting
neural activity is associated with vascular expansion and decreased compliance. We explored whether prolonged activity during sleep deprivation
may exacerbate vascular expansion and blunt hemodynamic responses.

Design: Evoked auditory responses were generated with periodic 65dB speaker clicks over a 72-h period and measured with cortical electrodes.
Evoked hemodynamic responses were measured simultaneously with optical techniques using three light-emitting diodes, and a photodiode.
Setting: Animals were housed in separate 30x30x80cm enclosures, tethered to a commutator system and maintained on a 12-h light/dark cycle.
Food and water were available ad libitum.

Patients or Participants: Seven adult female Sprague-Dawley rats.

Interventions: Following a 24-h baseline recording, sleep deprivation was initiated for 0 to 10 h by gentle handling, followed by a 24-h recovery
sleep recording. Evoked electrical and hemodynamic responses were measured before, during, and after sleep deprivation.

Measurements and Results: Following deprivation, evoked hemodynamic amplitudes were blunted. Steady-state oxyhemoglobin concentration
increased during deprivation and remained high during the initial recovery period before returning to baseline levels after approximately 9-h.
Conclusions: Sleep deprivation resulted in blood vessel expansion and decreased compliance while lower basal neural activity during recovery
sleep may allow blood vessel compliance to recover. Chronic sleep restriction or sleep deprivation could push the vasculature to critical levels,

limiting blood delivery, and leading to metabolic deficits with the potential for neural trauma.
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INTRODUCTION

Neural activity initiates increased local blood volume and
flow,"7 which is the basis for many functional neuroimaging
methods such as functional magnetic resonance imaging
(fMRI), positron emission tomography (PET), and diffuse
optical imaging. Such imaging methods demonstrate a positive
correlation between average tissue activity levels and blood
volume/flow, presumably to deliver metabolites concomitant
with demand.® Increased cerebral blood volume is a conse-
quence of blood vessel dilation, which can be modulated by
chemical signals such as adenosine, nitric oxide (NO), tumor
necrosis factor (TNF), and interleukin-1 (IL-1). Such signals
are also considered sleep regulatory substances and are released
by metabolically active cells.” High basal neural activity may
require continual metabolic delivery; however, cranial vascular
expansion could be limited due to physical constraints. These
restrictions may not be met under normal conditions; however,
high and sustained tissue activity during sleep deprivation or
restriction may lead to increased blood volume, and vessels
may approach expansion limits, resulting in blunted evoked
hemodynamic responses.'® If expansion limits are sustained,
metabolic demand may exceed supply. Sleep may serve as a
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mechanism for vascular compliance recovery because brain
metabolism is reduced," providing an opportunity for vessel
relaxation and metabolic restoration.’

Prolonged waking periods and sleep deprivation are
common occurrences'? although there are a variety of health
and performance implications, including cognitive function
deficits,"*"** metabolic and endocrine deficits,'® reduced learning
capacity,'”'® slower response times and increased errors,'*?* and
possibly death.?! Although cognitive and learning deficits are
reversible with sleep, physiological recovery following sleep
deprivation is not well understood. Metabolite delivery is of
critical importance, and insufficient nutrient supply compared
to the demand may result in neural tissue trauma.”> We are
interested in understanding the vascular and metabolic conse-
quences of sleep deprivation and how they may relate to neural
activity.

Because the vasculature may be in a semi-dilated state
during wake,'” two important questions must be asked: (1)
How does extended waking or sleep deprivation affect blood
delivery? and (2) What, if any, are the physical limits of blood
delivery to the brain? To test whether prolonged neural activity
could lead to vascular expansion and reduced compliance, we
measured evoked electrical responses from neural activation
and simultaneously used near-infrared spectrophotometry at
three wavelengths to determine changes in oxygenated and
deoxygenated hemoglobin concentration during varying sleep
deprivation conditions. Potential energy deficits may occur if
neural activity is high and hemoglobin delivery reaches critical
limits. With longer sleep deprivation periods, we expected that
the evoked response potential (ERP) amplitude would increase
due to enhanced slow wave activity (SWA) during recovery
sleep.” We also expected that the steady-state oxygenated
hemoglobin (HbO,) concentration would increase to meet the
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Figure 1—(A) Typical implant configuration. Animals were implanted with three light-emitting diodes (LEDs, 660 nm, 810 nm, and 880 nm) over the parietal
lobe. To measure scattered light, a photodiode (open circle) was placed 3 mm rostral to the LEDs. Blunted stainless steel screws were inserted into burr holes
in the skull over the frontal and parietal lobes (closed circles) to measure electric potential differences between ground electrodes placed in the occipital lobe
and to serve as anchors for the head stage. Two electromyogram (EMG) wires were placed into the neck muscles, and two electrocardiogram (EKG) wires
were placed along the thoracic cavity. (B) Image of the skull from an example animal showing the location of implanted devices, and is similarly labeled to
panel A. Panel (C) represents the LED illumination paradigm and photodiode sampling sequence. The 3 LEDs and a blank were cycled at 100-us pulses. The
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nutrient demand, whereas the evoked hemodynamic response
would decrease due to limits in vascular compliance. During
recovery sleep, the HbO, steady state should remain high, and
evoked hemodynamic responses will be blunted until meta-
bolic demand is satiated and vessels are allowed to relax.

MATERIALS AND METHODS

Surgical Procedure

Adult female Sprague-Dawley rats weighing 240-300 g
(n =7, Simonsen Laboratories, Gilroy, CA) were induced into
an anesthetized state with 5% isoflurane in oxygen, and then
maintained at 2.5% to implant our recording devices. The
dorsal skull surface was exposed and we implanted six blunted
stainless steel screw electrodes (J.I. Morris, Southbridge,
MA, FOOCE188): two over each frontal lobe, two over each
parietal lobe, and two over each occipital lobe. Frontal and
parietal electrodes were used to measure the electroencepha-
logram (EEG) and ERPs. Electrodes implanted in the occip-
ital lobe served as a reference. Three light-emitting diodes
(LEDs, 1.6 mW B5b-436-30, 6 mW ELD-810-17, and 10 mW
ELC-880-17, Roithner Lasertechnik, GmbH, Vienna, Austria)
emitting 660 nm, 810 nm, and 880 nm light were placed 1 mm
rostral to lambda and medial to the temporal ridge. To collect
LED light scattered by the cortex, a photodiode (PC1-6, Pacific
Silicon Sensors, Westlake Village, CA, USA) was positioned
3 mm rostral to the LEDs (Figures 1A and 1B). To measure
electromyographic (EMQ) activity, two multistranded Teflon-
insulated stainless steel wires (New England Wire, Lisbon, NH,
212-50F-357-0), with 2 mm exposed wire, were inserted into
the neck muscles. Electrocardiographic (EKG) rhythms were
measured by two wires, with 4 mm exposed, inserted subcuta-
neously along either side of the thoracic cavity. All procedures
were approved by the Washington State University Animal
Care and Use Committee.
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Experimental Procedures

After at least 2 weeks of surgical recovery, animals were
housed in separate 30 x 30 x 80 cm enclosures and connected
to our data acquisition system through a thin cable/commu-
tator system (ProMed-Tec, Bellingham, MA, Pro-S24). Data
were amplified (photodiode 1%, EEG 1,000x, ECG 1,000x),
filtered (0.1 Hz-3.2kHz), digitized (10kHz,), displayed and
stored continuously using a custom data acquisition and storage
system.?* The light source switched between the three LEDs
and a blank every 100 ps, and the photodiode sampled the
backscattered light averaged from the rising edge to 90 ps
(Figure 1C). Webcam footage was recorded at one frame per
sec to aid in subsequent sleep state analysis. Food and water
were available ad libitum during all recording sessions. Animals
were maintained on a 12-h light/dark cycle for the duration of
the recordings. Due to potential interference that white light
could impose on our implanted photodiode, the experimental
room was illuminated with a direct current 470-nm LED rope
(100 Lux) during the light period. Blue light did not penetrate
the cranium and did not interfere with the red and near-infrared
measurements. During the dark period, a single 470-nm blue
LED (4 Lux) was used to provide a small amount of illumina-
tion for our cameras.

To generate robust neural and hemodynamic responses from
the auditory cortex, a speaker (8 Q, 2 W) located at the top of
the enclosure produced a train of five wide-band speaker clicks
(0.2 ms square wave, 5 Hz, 65dBa). We have previously shown
that 65dBa was not salient enough to produce arousal from
sleep, but still elicited robust responses across sleep and wake.?
Stimuli were presented infrequently with an 8-23.5 s random
interstimulus interval.

Animals were allowed 12-24 h of acclimation prior to a 24-h
baseline recording, starting at light onset (00:00). The sleep
deprivation period began immediately following the baseline
recording, at light onset, and consisted of either 0, 2, 4, 6, 8, or
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10 h of sleep deprivation (Figure 2) initiated by gentle handling.
A 24-h session of recovery sleep was recorded following the
sleep deprivation session. The total continuous recording length
was at least 72 h. Sleep deprivation sessions were random-
ized, and animals were allowed 1 week for recovery between
recordings.

Sleep Scoring

Archived data were parsed into 10-s epochs, and a fast
Fourier transform algorithm was used to calculate the power
spectrum for the EEG and EMG signals. A scatterplot with
total EMG power on the X-axis and EEG delta power on the
Y-axis containing each epoch in the 72-h recording was used
for a first-pass scoring of vigilance state.”® Based on the density
clusters, vigilance states were sorted into wake (high EMG, low
delta EEQG), light sleep (LS; medium to low EMG, high delta
EEQG), deep sleep (DS; low EMG, high delta EEG), and rapid
eye movement sleep (REM; very low EMG, low delta EEG).
After initial cluster sorting, we visually parsed the record and
confirmed the physiological signals with the webcam images
for each epoch.

ERP Analysis

Data were analyzed using Octave (Www.octave.org), an open
source computer-based analysis package. Following each of
the five auditory stimuli (clicks), the primary auditory cortex
produced a series of five electrical ERPs as described in our
earlier studies.®” For the baseline, deprivation, and recovery
periods of each deprivation length, trials were sorted by wake/
sleep state and then averaged. Further analysis sorted and
averaged trials from each state into 4-h bins across the entire
recording. The ERP amplitude from each average was calcu-
lated as the difference between the peak and trough components
from the first ERP of each stimulus train.

Optical Analysis

Implanted LEDs illuminated the cortex and light scattered
diffusely through tissue. Based on principles of spectrophotom-
etry, light was absorbed by molecules such as hemoglobin in
a wavelength-dependent manner. Oxyhemoglobin and deoxy-
hemoglobin concentration changes modified the light intensity
detected by the photodiode. The auditory cortex was located
within the most direct path between the LEDs and the photo-
diode; thus, most of the light intensity changes were recorded in
this region. By alternating three light wavelengths and using the
absorption properties of HbO, and deoxygenated hemoglobin
(Hb), we calculated relative HbO, and Hb concentrations using
a modified Beer-Lambert Law.”?’ The evoked changes in HbO,
and Hb concentration, generated from the train of five stimuli,
were quantified by measuring the peak-to-trough amplitude
within the first 8 s of the trial.

To compare responses across animals, the ERP and hemo-
dynamic response amplitudes were normalized to responses
during LS from the baseline recording. Then, the differences
between the responses during the recovery and baseline periods
were calculated for each state. The differences for each sleep
deprivation length were compared to the 0-h deprivation condi-
tion, and statistical significance was calculated using a paired
two-sample #-test.
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Figure 2—Animals were recorded continuously under six different
conditions for at least 72 h. A 24-h baseline period was followed by 0, 2,
4,6, 8, or 10 h of sleep deprivation employed by gentle handling upon
light onset (00:00). Following sleep deprivation, animals were recorded
for an additional 24 h to monitor recovery.

Sleep Deprivation Analysis

Sleep deprived animals exhibit sleep rebound effects after the
deprivation period. Thus, following 10 h of sleep deprivation,
animals spent most of the time in DS (for example refer to figure
Figure 10B). Additionally, signals exhibited the lowest noise
during this state; therefore, we focused subsequent analysis on
the DS state. Stimuli were binned into 4-h increments throughout
the recovery period, and ERP and hemodynamic amplitudes
were measured. Evoked response amplitudes were normalized to
responses during DS from the entire baseline recording. Statistical
significance was determined using a paired two-sample #-test.

The steady-state HbO, concentration from all vigilance
states during the recovery period was parsed into 4-h epochs.
The difference was taken from the 24-h baseline concentration
and then normalized to the 0-h deprivation condition. Statistical
significance was calculated using paired two-sample t-tests.

Hemodynamic Steady-State Analysis

The difference between recovery and baseline steady-state
HbO, concentration for each deprivation length was grouped
in two different ways. First, the 4-h intervals for steady-state
HbO, concentration were plotted sequentially for each depri-
vation length. Paired t-tests were calculated to compare the
4-h interval from each deprivation length to its 0-h depriva-
tion equivalent. The slope was calculated from the sequentially
plotted 4-h intervals for each deprivation length and a one-
sample t-test was used to compare each slope to a mean of zero.
Second, the deprivation length was grouped sequentially for
each 4-h interval, and the slope was calculated. A one-sample
t-test was calculated comparing the slopes to a mean of zero.

Steady-state HbO, and Hb concentration changes from the
baseline, deprivation, and recovery periods were parsed into
15-min epochs for the 0-h and 10-h deprivation conditions.
Statistical significance for mean steady-state HbO, and Hb
concentration was calculated in 2-h epochs between 0 and 10 h
of sleep deprivation using a paired t-test. To determine the pres-
ence of daily rhythmic oscillations in hemoglobin concentration,
we calculated the period using 15-min epochs (0-h deprivation)
with Cosinor Periodogram software (www.circadian.org).

RESULTS

Auditory stimuli produced robust ERPs and evoked hemo-
dynamic responses from every sleep state. Plots from an
example animal show the first ERP from the train of five for
each vigilance state during baseline and recovery periods of
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Figure 3—Averaged evoked response potential (ERP) traces from the first stimulus in the train of five stimuli and are shown from a representative animal for
each state and each deprivation length; baseline (black), and recovery (thick gray) are shown. ERP amplitudes were calculated between the peak and trough
components (arrows). The ERP trough was significantly larger during light sleep and deep sleep in the recovery period compared to the baseline condition of

the corresponding deprivation length (P < 0.05). The first stimulus in the train of five is shown by a vertical light gray line.

each sleep deprivation condition (Figure 3). ERP amplitudes
were measured as the difference between the peak and trough
components, marked with arrows. HbO, and Hb responses from
a representative animal are shown in Figures 4 and 5, respec-
tively. Amplitudes measured from the peaks and troughs are
marked with arrows.

Evoked Response Amplitudes

Following sleep deprivation, ERP amplitudes normalized
to baseline showed no significant differences during wake-
fulness (Figure 6A). However, normalized ERP amplitudes
were significantly larger during LS following 4, 6, 8, and
10 h of sleep deprivation and during DS following 6, 8, and
10 h compared to the 0-h control (P < 0.05). During REM
sleep, normalized ERP amplitudes were significantly smaller
following 8 and 10 h of sleep deprivation compared to the 0-h
control (P < 0.05). Due to rebound sleep, animals spent most
of the time in DS following 10 h of sleep deprivation, and
signals exhibited the lowest noise; therefore, the analysis of
physiological responses during the recovery period focused
on data collected during DS. Further investigation of evoked
responses during the recovery period revealed that normal-
ized ERP amplitudes were larger following 10 h of sleep
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deprivation compared to 0 h of sleep deprivation for at least
9 h in the recovery period (Figure 7A, P < 0.05).

Evoked Hemodynamic Amplitudes

There were no significant differences in normalized
evoked HbO, or Hb response amplitudes during wake
following different periods of sleep deprivation compared to
the 0-h deprivation condition (Figures 6B and 6C, respec-
tively). Following 8 and 10 h of sleep deprivation, evoked
HbO, and Hb response amplitudes during LS and DS were
significantly reduced (P < 0.05). We also compared the
hemodynamic onset, trough, and recovery time between DS
responses during baseline and sleep deprivation recovery
periods. The evoked hemodynamic response onset and initial
slope was not significantly different across all measurements
when compared between baseline and recovery conditions
(0.04 = 0.12 s). However, the evoked HbO, concentration
change after 10 h of deprivation leveled off and reached
its trough sooner (0.32 + 0.11 s, P < 0.05), with an earlier
recovery time (0.87 = 0.36 s, P < 0.05), which was consistent
across all animals (Figure 4). No significant differences in
evoked HbO, or Hb response amplitudes were found during
REM following any deprivation period.
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Figure 4—Averaged evoked oxygenated hemoglobin (HbO,) traces are shown from an example animal for baseline (black) and recovery (thick gray) periods
for each state and deprivation length. HbO, amplitudes were calculated between the peak and trough components (arrows). The train of five stimuli are
shown by vertical light gray lines. Evoked HbO, responses were significantly smaller during recovery from sleep deprivation compared to the corresponding
baseline control (P < 0.05).

Evoked responses during the recovery period following  to the 0-h sleep deprivation condition (Figures 7B and 7C,
10 h of sleep deprivation were sorted into 4-h bins, and P <0.05).
further analysis focused on the DS state, similar to the ERP
data. Coinciding with the increased ERP amplitude, evoked  HbO, Steady State
HbO, and Hb response amplitudes were significantly smaller For each deprivation condition the difference in steady-state
for at least 9 h following 10 h of sleep deprivation compared = HbO, concentration was taken between the recovery and baseline
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Figure 5—Averaged evoked deoxygenated hemoglobin (Hb) traces are shown from an example animal for baseline (black), and recovery (thick gray)
periods for each state and deprivation length. Hb amplitudes were calculated between the peak and trough components (arrows). The train of five stimuli are
shown by vertical light gray lines. Similar to the HbO, result seen in Figure 4, evoked Hb responses are significantly smaller during recovery compared to
the corresponding baseline control (P < 0.05).

periods, and then parsed into 4-h intervals. The difference in
steady-state HbO, concentration was significantly larger during
the first 4 h of recovery sleep following 6 and 8 h of sleep depri-
vation compared to the 0-h control (P <0.1), and for the first 8 h
of recovery following 10 h of sleep deprivation compared to the
0-h control (Figure 8A, P <0.05). The slope of the HbO, steady-
state concentration difference between the recovery period and
baseline period over 24 h, binned in 4-h intervals, was calcu-
lated for each sleep deprivation length (Figure 8B). The slope
in HbO, concentration over a 24-h period for the 6 and 10 h
of sleep deprivation conditions was significantly more nega-
tive than the slope from the 0-h control, indicating an increase
in steady- state HbO, concentration during the initial recovery
period (P < 0.05), following at least 6 h of deprivation. The
slope for 8 h of sleep deprivation followed a negative trend, but
was not significant (P = 0.105); more animals may be required
to reach significance. To better identify changes in steady-
state HbO, concentration following different sleep deprivation
lengths, 4-h epochs were grouped together across deprivation
length (Figure 9). The slope of the change in steady-state HbO,
concentration over the sleep deprivation length for the first two
4-h epochs were significantly larger than zero (P < 0.05), indi-
cating at least 9 h may be required for recovery following 10 h
of sleep deprivation (Figure 9B). Future studies could extend
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the sleep deprivation and recovery recordings to further eluci-
date the time to recovery.

To further examine the recovery time course, steady-state
HbO,, and Hb concentrations were binned into 15-min epochs
during the baseline, deprivation, and recovery periods for
the 0-h and 10-h sleep deprivation conditions (Figure 10).
Statistical differences in the steady-state HbO, concentration
between the 10-h deprivation condition and the 0-h depriva-
tion condition were calculated by averaging the responses over
eight-15 min epochs, producing 2-h bins. During the deprivation
period, the steady- state HbO, concentration was significantly
larger for the entire 10-h period compared to the 0-h depriva-
tion where animals were allowed to sleep (P < 0.1). During
recovery, steady-state HbO, concentration following 10 h of
sleep deprivation condition was significantly larger between
4 and 8 h during the recovery period before returning to base-
line compared to the HbO, steady-state response following the
0-h deprivation condition. We observed a difference in HbO,
concentration during the beginning and the end of the base-
line period between the 0-h and 10-h deprivation conditions;
however, this effect may be due to systematic error in a few of
the recordings, or incomplete randomization of the deprivation
protocol. Further studies with additional animals are required
to explore this result. No significant differences between 0 and
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10 h of sleep deprivation were found during the baseline condi-
tion for the steady-state Hb concentration. During deprivation,
steady-state Hb concentrations were reduced (P <0.1), but there
were no significant differences during the recovery period.

To investigate the effect of daily rhythmicity, a periodogram
analysis showed a rhythmic 26-h oscillation in steady-state
HbO, concentration was present (P < 0.05), which may explain
the decreased significance of the steady-state response for the
first 4 h of the recovery period. The rhythm may not have been
exactly 24 h due to the disruption of a new environment.

DISCUSSION

We observed robust ERP and hemodynamic responses from
the auditory cortex following auditory stimulation across all wake
and sleep states. There were no significant differences in ERP or
hemodynamic response amplitudes during the sleep deprivation
period or the wake condition of the recovery period. Following
sleep deprivation, animals most of the time were in either LS or
DS, making it difficult to measure responses during the waking
state for these periods. During LS and DS, ERP amplitudes
increased with deprivation length whereas evoked HbO, and Hb
response amplitudes decreased compared to 0 h of deprivation.
Following 10 h of sleep deprivation, the ERP and hemodynamic
responses took at least 9 h to return to baseline levels.

Evoked Response Potentials

ERPs show state dependent characteristics, and can be
used to probe cortical state and information processing levels.*
Our previous studies demonstrated that average ERP ampli-
tudes correspond directly to the amount of time that an animal
spends in a given sleep state because the peak-to-trough ERP
amplitude depends on whether the cells within the cortical
column are depolarized or hyperpolarized.?® Consequently, low
ERP amplitudes corresponded to wake and high ERP ampli-
tudes occurred during slow wave sleep. Thus, we expected
relatively constant and low ERP amplitudes during wake,
regardless of deprivation condition because cells are predomi-
nantly in a depolarized state. This result also helps demonstrate
the effectiveness of our sleep deprivation procedure. Namely,
consistently low ERP amplitudes across deprivation conditions
meant we were effective at keeping the animals awake.

During slow wave sleep, neural activity oscillates between a
depolarized and hyperpolarized state with approximately equal
ratio at a 0.5 to 3 Hz delta rhythm.***” This synchronized neural
activity generates the underlying SWA recorded from surface
EEG electrodes. As sleep pressure builds during deprivation,
SWA increases during subsequent recovery sleep,?*%4 resulting
in increased synchronization and more time that cortical cells
spend in a hyperpolarized state. We expected significantly
larger ERPs following sleep deprivation because SWA is higher
and the average ERP size is dependent on the amount of time
and number of cortical cells in the hyperpolarized state.>

28-32

Hemodynamic Evoked Responses

Consistent with our previous work, evoked hemodynamic
responses were largest during QS compared to wake and REM
during the control condition.®” Oxyhemoglobin and deoxyhe-
moglobin changes, as measured in the current study, occur by
several mechanisms. An increase in neural activity will increase
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Figure 6—Averaged peak-trough amplitudes across all animals are plotted
for the evoked response potential (ERP) (A), oxygenated hemoglobin
(HbO,) (B), and deoxygenated hemoglobin (Hb) (C). Average response
amplitudes during the 24-h recovery period were subtracted from response
amplitudes during the 24-h baseline period to correct for variability across
recordings and were normalized to the 0-h deprivation condition for each
state. There were no significant ERP amplitude differences after sleep
deprivation compared to the 0-h deprivation control condition during the
wake state. However, during the recovery period light sleep (LS) ERP
amplitudes were significantly larger following 4, 6, 8, and 10 h of sleep
deprivation compared to the 0-h control (*P < 0.05). Similarly, deep sleep
(DS) ERP amplitudes during the recovery period were significantly larger
following 6, 8, and 10 h of sleep deprivation compared to the 0-h control
(*P < 0.05). There were no significant differences in the evoked HbO,
amplitudes during wake following sleep deprivation compared to the 0-h
deprivation condition. Following 8 and 10 h of sleep deprivation, LS and
DS HbO, amplitudes were significantly smaller compared to the 0-h control
(*P < 0.05; #P < 0.1). No significant differences in HbO, or Hb amplitudes
were found during rapid eye movement (REM) sleep. Similar to the HbO,
evoked responses, Hb responses showed no significant differences in
wake or REM following sleep deprivation. However, following 8 and 10 h

of sleep deprivation, Hb amplitudes during LS and DS were significantly
reduced (*P < 0.05; P < 0.1).
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sleep during the recovery period were parsed into 4-h intervals and normalized to responses from the 24-h baseline condition. Due to the expected gradual
change in amplitude during recovery, data was plotted from the first hour of each 4 hour block to emphasize values at the beginning of each period. ERP
amplitudes were larger for at least 12 h following 10 h of sleep deprivation compared to the corresponding interval from the 0-h control (*P < 0.05; *P < 0.1).
Coinciding with the increased ERP amplitude, evoked HbO, and HbR amplitudes were significantly smaller for at least 12 h following 10 h of sleep deprivation
compared to the corresponding interval from the 0-h control (*P < 0.05).
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taken from the 24-h baseline period. Data are grouped by deprivation length to illustrate trends (black lines) across 4-h intervals. Following 6 and 8 h of sleep
deprivation, the steady-state HbO, concentration was significantly higher during the first 4 h of recovery sleep compared to the 0-h deprivation condition
(*P < 0.1). Steady-state HbO, concentration was significantly larger during the first 8 h of the recovery period following 10 h of sleep deprivation (*P < 0.05).
The slope of the steady-state HbO, concentration trends over recovery time was calculated for each sleep deprivation length and plotted in the bar graph
(B). The slope is significantly more negative with increasing derivation length, indicating longer recovery times are required following longer periods of sleep
deprivation (*P < 0.05).
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sleep deprivation compared to the corresponding interval from the 0-h control (*P < 0.05). The slope of the steady-state HbO, concentration trends over sleep
deprivation length were calculated within each 4-h interval, and plotted in the bar graph (B). The larger slope during earlier recovery periods suggests higher
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oxygen consumption, locally depleting HbO, and increasing Hb
concentration.*' However, these changes are small and usually
overshadowed by the vascular response. The major contributors
to HbO, and Hb changes involve rapid modulation of cerebral
blood volume (CBV) and blood flow (CBF) by both electrical
activity and chemical (e.g. adenosine, NO, TNF, IL-1) signals
in response to neural activation. Because most chemical vaso-
modulators have also been characterized as sleep regulatory
substances,’ it is possible they play a critical role in sleep related
vascular changes. An increase in blood volume will produce an
increase in total Hb concentration, and an increase in flow will
increase HbO, to the region.

The most advanced anatomical studies of vascular changes
and neural activity involve classic balloon or windkessel
models.”* At a basic level, fluid dynamics suggests a direct
relationship between blood pressure, volume, and flow,
where blood flow is proportional to the differential driving
pressure divided by the vascular resistance as determined by
cross sectional area, or volume of a segment, and viscosity.*
According to the windkessel model,* fast electrical impulse
responses with the same metabolic requirements should
initiate hemodynamic responses with the same onset timing,
regardless of the vascular state. A more detailed analysis of
Figures 4 and 5 show no difference in onset timing for any
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condition. However, because the vascular response is much
slower, a less compliant system in its saturated state should
exhibit a lower amplitude response with an earlier plateau and
shorter recovery. Again, our results demonstrate that evoked
hemodynamic responses after sleep deprivation plateau earlier
and recover sooner than during baseline conditions.

Many studies have explored neurovascular coupling and
the relationship between neural activity with changes in CBF
and CBYV, and show regional differences in CBF and CBV
responses to the same stimuli.* Depending on which vascular
compartment is involved, we would expect either arterial or
venous blood to affect the Hb concentration.* For example, if
the arterial compartment dominates, then we should observe
an increase in HbO, concentration, whereas venous compart-
ment changes would result in decreased HbO, concentration.
This is particularly important because most current noninvasive
methods to assess neural activity use hemodynamic markers
as indicators of metabolism and activity.* However, to date,
most studies are performed on anesthetized animals in whom
basal neural activity is low, and few studies take into consid-
eration that there may be a physical limit to vascular dilation
during high activity associated with waking behavior. Further
studies are required for imaging of the dynamics of individual
capillaries across sleep/wake cycles and under different neural
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Figure 10—Steady-state oxygenated hemoglobin (HbO,) (A), and deoxygenated hemoglobin
(Hb) (C) concentrations were parsed into 15-min epochs during the baseline, deprivation,
and recovery periods for the 0-h (thin black line) and 10-h (thick black line) sleep deprivation
conditions. Time spent in each state is shown as a percentage for an example animal
(B). Statistical significance was calculated in 2-h epochs. Few differences were observed
between the steady-state HbO, concentration during the baseline recording. During sleep
deprivation, the steady-state HbO, concentration was significantly larger during the 10-h
deprivation and remained large between 6 and 10 h into the recovery period compared to the
0-h control (*P < 0.05; *P < 0.1). During the recovery period, animals spent most of the time
in deep sleep as would be expected from sleep rebound. The steady-state Hb concentration
was significantly lower between 2-4 h and 6-8 h following 10 h of deprivation compared to
the 0-h control (*P < 0.1) but showed no significant differences during the recovery period.
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activity levels to understand the mechanisms
underlying state-dependent responses.

When comparing the evoked hemodynamic
responses between wake and sleep, we observed
several important results. First, because the
evoked hemodynamic changes are significantly
larger during sleep, the muted responses during
wake may result from higher metabolic demand,
greater basal blood flow and volume,' and a
lower vascular compliance. Second, the large
evoked decrease in HbO, following stimulation
during sleep suggests that our measurements are
more sensitive to the venous components. Third,
after sleep deprivation, the increased metabolic
demand accrued during the prolonged waking
period may be carried over into the subsequent
sleep period, resulting in the blunted hemody-
namic responses during recovery sleep, lasting at
least 9 h. Thus, sleep may be required to restore
vascular compliance to a baseline level.

Hemodynamic Steady-State Responses

Following 8 and 10 h of sleep deprivation,
steady-state HbO, concentration was significantly
larger during the initial recovery period when
compared to the 0-h deprivation recovery period.
The steady-state HbO, concentration remained
higher for at least 9 h into the recovery period,
even though animals spent most of the time in LS
and DS (Figure 10B). Steady-state Hb concen-
tration was lower during the sleep deprivation
period and restored immediately during recovery
sleep. Most of the hemodynamic response was
dominated by the change in HbO, concentra-
tion, with small changes in Hb, which suggests
a combination of blood volume and blood flow
changes.*! As the duration of sleep deprivation
increased, the evoked HbO, responses during LS
and DS were blunted, suggesting decreased blood
volume/flow changes and decreased vascular
compliance.

During extended waking periods, regional
blood flow is increased compared to postsleep
wakefulness," and glucose uptake is decreased
in associated areas of the brain.*’** Based on the
premise that blood delivery must increase with
higher tissue activity,® we expected a sustained
and localized increase in metabolic activity
during sleep deprivation. However, we hypoth-
esize that there is a physical limit to how much
additional blood can be delivered to a given
region during sustained activity. Increased HbO,
and concomitant oxygen/metabolite delivery can
only be achieved by decreased consumption,
increased CBYV, or increased CBF. Heat and waste
removal are also affected in reverse. If vessels
have expanded to the point where CBV can no
longer increase, then there is a physical limit
in metabolite delivery to the tissue and waste
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removal. Similarly, if the driving pressure has reached its limit,
then CBF changes can no longer move more blood through
the region. Thus, an evoked vascular response may approach
saturation, manifesting itself as a muted evoked hemodynamic
response, whereas the steady-state Hb concentration remains
high. Decreased glucose uptake from PET imaging,'' in spite
of increased steady-state HbO, as demonstrated in Figure 10,
suggests vessels may be expanded, approaching their physio-
logical limit and unable to meet the neural demand for metabo-
lites. In response, the tissue could enter a localized sleep-like,
hyperpolarized state to circumvent a metabolic deficit.”® If sleep
is not achieved, cognitive function deficits may occur. Over the
long term, tissue damage may result if the metabolic needs are
not met.

Potential Long Term Consequences of Sleep Deprivation

Metabolic demand is decreased during sleep compared to
wakefulness''; however, immediately following sleep depriva-
tion, steady-state HbO, concentration remains high, and evoked
HbO, responses remain blunted. Because local decreases in
BOLD fMRI signals are associated with increases in delta
power and K-complexes,” tissue hyperpolarization usually
associated with sleep®® may be less metabolically demanding,
allowing for vascular recovery. Although the current study did
not assess metabolic demand during the hyperpolarized state,
future analysis correlating HbO, concentration with the delta
rhythm may reveal a relationship between tissue state and
metabolism. If there is a limit in the ability of the vasculature to
deliver nutrients to the tissue, and recovery sleep is required to
restore resources used during the deficit, then chronic exposure
to sleep restriction could prevent the restorative properties of
sleep and lead to neural trauma.

CONCLUSIONS

Even though neural activity is decreased during recovery
sleep following sleep deprivation periods, metabolic demand
remains high and vessels have not fully returned to the compliant
state typically observed during sleep. Prolonged wakefulness
may cause vessels to expand toward a physiological limit,
potentially restricting nutrient delivery. These vascular conse-
quences of sleep deprivation persisted throughout the initial
period of recovery sleep. Longer sleep deprivation periods lead
to significant decreases in the evoked hemodynamic response
amplitudes, and longer recovery time periods were required to
restore responses to baseline levels. Silent or hyperpolarized
periods of neural activity, characterized by SWA, may serve as
a restorative state®® by reducing metabolic demand, allowing
for nutrient replenishment and vascular compliance restora-
tion. Chronic exposure to sleep deprivation or sleep restric-
tion could lead to vascular compliance limits being constantly
approached, which may decrease the tissue’s ability to main-
tain activity required during information processing. In addi-
tion, limiting tissue restoration may result in cellular trauma
and death, decreasing brain mass in critical areas.” Alterna-
tively, neural tissue may detect metabolic deficient conditions
and be forced into a hyperpolarized state as a neuroprotective
mechanism. Either way, such conditions could be at the root
of compromised cognitive and performance abilities in sleep
deprived individuals.
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