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Hauer BE, Negash B, Chan K, Vuong W, Colbourne F, Pagli-
ardini S, Dickson CT. Hyperoxia enhances slow-wave forebrain
states in urethane-anesthetized and naturally sleeping rats. J Neuro-
physiol 120: 1505–1515, 2018. First published June 27, 2018; doi:
10.1152/jn.00373.2018.—Oxygen (O2) is a crucial element for phys-
iological functioning in mammals. In particular, brain function is
critically dependent on a minimum amount of circulating blood levels
of O2 and both immediate and lasting neural dysfunction can result
following anoxic or hypoxic episodes. Although the effects of defi-
ciencies in O2 levels on the brain have been reasonably well studied,
less is known about the influence of elevated levels of O2 (hyperoxia)
in inspired gas under atmospheric pressure. This is of importance due
to its typical use in surgical anesthesia, in the treatment of stroke and
traumatic brain injury, and even in its recreational or alternative
therapeutic use. Using local field potential (EEG) recordings in
spontaneously breathing urethane-anesthetized and naturally sleeping
rats, we characterized the influence of different levels of O2 in
inspired gases on brain states. While rats were under urethane anes-
thesia, administration of 100% O2 elicited a significant and reversible
increase in time spent in the deactivated (i.e., slow-wave) state, with
concomitant decreases in both heartbeat and respiration rates. Increas-
ing the concentration of carbon dioxide (to 5%) in inspired gas
produced the opposite result on EEG states, mainly a decrease in the
time spent in the deactivated state. Consistent with this, decreasing
concentrations of O2 (to 15%) in inspired gases decreased time spent
in the deactivated state. Further confirmation of the hyperoxic effect
was found in naturally sleeping animals where it similarly increased
time spent in slow-wave (nonrapid eye movement) states. Thus
alterations of O2 in inspired air appear to directly affect forebrain EEG
states, which has implications for brain function, as well as for the
regulation of brain states and levels of forebrain arousal during sleep
in both normal and pathological conditions.

NEW & NOTEWORTHY We show that alterations of oxygen
concentration in inspired air biases forebrain EEG state. Hyperoxia
increases the prevalence of slow-wave states. Hypoxia and hypercap-
nia appear to do the opposite. This suggests that oxidative metabolism
is an important stimulant for brain state.

INTRODUCTION

Oxygen (O2) is a key element in the metabolic homeostasis
of mammals. In particular, the brain is highly sensitive to
changes in circulating O2 concentrations, where low or absent
levels of O2 (hypoxia/anoxia) rapidly induce unconsciousness
and can cause permanent brain damage (Mortola 2007). The
body’s responses to moderate hypoxia are typically considered
as simple and reflexive and are meant to counter the loss of O2,
including changes in heart rate and breathing rate (Mortola
2007). However, other secondary effects have also been re-
ported. Notably, rats challenged with hypoxia during sleep
show more frequent and longer electroencephalographic (EEG)
arousals and spend more time in wakefulness and less in sleep,
overall (Hamrahi et al. 2001). This suggests that signals related
to hypoxia may promote activity in ascending activating sys-
tems of the brainstem that are responsible for inducing acti-
vated forebrain states and perhaps also for arousing organisms
into wakefulness. From an evolutionary perspective, this would
be relevant to ensure adequate oxygenation.

Although hypoxic effects on the brain are well recognized,
the effects of heightened levels of O2 (hyperoxia) are less well
known. Both normobaric and hyperbaric hyperoxia are com-
monly administered in various clinical scenarios, most fre-
quently during surgical procedures (Bitterman 2009) but also
as treatments for traumatic brain injury and stroke (Kumaria
and Tolias 2009; Shi et al. 2016). More recently, hyperoxia has
gained popularity as a recreational agent, administered nasally
in commercial “Oxygen Bars,” accompanied by claims of
enhancing various cognitive capacities (Walsh et al. 2011).
Whereas extreme and prolonged hyperoxia can have toxic
effects through a variety of mechanisms including inhibition of
protein production (Ambrosio and Tritto 1999), an increased
rate of free-radical mediated cellular damage (Turanlahti et al.
2000), and even the induction of generalized convulsions
(Gutsaeva et al. 2005), it is unclear what the effects of mod-
erate hyperoxia might have on either brain function or behav-
ior, because of a paucity of systematic and blinded studies.

In the present work, we evaluated the effects of transient
alterations of O2 in inspired gas on forebrain (neocortical and
hippocampal) local field potential (LFP; EEG) recordings in
urethane-anesthetized rats in which spontaneous transitions
between rapid eye movement (REM)-like and nonrapid eye
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movement (NREM)-like states occur (Clement et al. 2008).
When presented with 100% O2 in breathing air, rats showed a
prominent promotion of the NREM-like state. This was not due
to hypercapnia since increasing the concentration of carbon
dioxide (CO2) in inspired gas to 5% had a limited but apparent
opposing effect on brain state. Consistent with a direct effect of
O2 on brain state, mild hypoxic conditions (15% O2) promoted
the REM-like state. Similarly, in naturally sleeping rats, con-
ditions of hyperoxia promoted the actual NREM state. Thus
blood oxygen levels appear to be inversely related to the level
of activation in the forebrain during sleep and sleep-like states.

MATERIALS AND METHODS

Subjects. Recordings were made in 48 male Sprague Dawley (SD)
rats obtained from the Sciences Animal Support Services of the
University of Alberta with a means � SE weight of 285.9 � 9.0 g. Of
these rats, 40 were used for acute (urethane-anesthetized recordings)
while the rest (8) were implanted chronically for studies in natural
sleep. All procedures conformed to the guidelines of the Canadian
Council on Animal Care and were approved by the Biological Sci-
ences and Health Sciences Animal Policy and Welfare Committees of
the University of Alberta.

Acute urethane-anesthetized preparation and procedures. Rats
were initially anesthetized using gaseous isoflurane (4% in 100% O2)
in an enclosed anesthetic chamber. Upon the loss of righting reflexes,
the animals were transferred to a nose cone and maintained at 2.0 to
2.5% isoflurane. The jugular vein was then isolated, and a catheter
was implanted. Isoflurane was then discontinued, and general anes-
thesia was obtained via slow (~0.03 – 0.08 ml/min), intravenous
administration of urethane (0.6 g/ml; final dosage 1.27 � 0.018 g/kg).
Additionally, five rats had their tail arteries catheterized and seven rats
had their femoral artery catheterized as a means of taking blood
samples. Arteries were isolated and implanted with an intravenous
catheter (BD Angiocath, 22 G, 1.00 in., 0.9 � 25 mm; Becton
Dickinson) connected to a length of polyethylene tubing. A syringe
filled with 1% heparin (10 ml heparin, 1 liter saline), was intermit-
tently injected (0.01 ml) as a means of flushing the tube and prevent-
ing blood clotting. Additionally, hemostats were employed on the
tube, cutting off pressure and preventing backflow. Blood samples
were collected using heparinized capillary tubes (RAM Scientific,
Yonkers, NY).

Rats were placed in a stereotaxic apparatus (model 900; David
Kopf Instruments, Tujunga, CA). All animals received an subcutane-
ous administrations of atropine methyl nitrate (0.5 mg/kg) in the neck
to prevent respiratory complications. Additionally, lidocaine (2%)
was also administered subcutaneously along the midline of the scalp.
The cranium was exposed by making an incision lengthwise along the
scalp and tying back the skin flaps. The skull was leveled by adjusting
bregma and lambda in the same horizontal plane. A servo-driven
system (TR-100; Fine Science Tools, Vancouver, BC, Canada) con-
nected to a heating pad, and a rectal probe was used to maintain body
temperature at 37°C for all remaining surgical procedures and
recordings.

Recording electrodes were constructed from Teflon-coated stain-
less steel wire (bare diameter: 125 �m; A-M Systems, Carlsborg,
WA). Stereotaxic electrode placement was determined using bregma
as a landmark. Monopolar electrodes were aimed at superficial layers
of the frontal cortex (AP: �1.5; ML: �1.2; DV: �0.1 to �0.25 mm)
and the fissure of the hippocampus (AP: �3.3; ML: � 2.1; DV:
�2.15 to �4.2 mm). Additionally, a thicker (diameter: 200 �m),
uninsulated stainless steel wire (length: 1.5 mm; A-M Systems) was
occasionally implanted vertically in the contralateral frontal cortex as
a reference electrode. The signal from this electrode was verified to be
electrically neutral by comparison to ground (Wolansky et al. 2006).
Electrodes were cemented in place via the use of dental acrylic and

jeweler’s screws in the skull. In some animals, recording needles were
placed in the subcutaneous layers across the upper trunk to record
heart rate (EKG), and a thermocouple wire (30-gauge Type K;
Thermo Electric, Brampton, ON, Canada) was placed in the nasal
passage to record the respiratory cycle.

All EEG (field) signals were referenced to the indifferent electrode
or to ground. The stereotaxic apparatus itself was also connected to
ground. Field potentials were amplified at a gain of 1,000 and filtered
between 0.1 and 500 Hz using a differential AC amplifier (model
1700; A-M Systems). EKG leads and the thermocouple were self
referenced; amplified at a gain of 1,000 and 10,000, respectively; and
bandpass filtered between 10 and 500 Hz and 0.1 and 500 Hz,
respectively. All signals were visualized digitally online (sampling
frequency: 1 kHz) using a Digidata 1322A A-D board (Axon Instru-
ments/Molecular Devices, Sunnyvale, CA) connected to a Pentium
PC running either the Axoscope (Axon Instruments) or LabChart (AD
Instruments) acquisition programs.

Gas was delivered by a pressurized tube placed in front of the
animal’s snout blowing at a constant rate of 0.5 l/min. Normoxic gas
was delivered via compressed air cylinders, whereas hyperoxia was
induced by delivering 100% medical grade oxygen (Praxair, Missis-
sauga, ON, Canada). Elevated CO2 (5%) was administered in a similar
fashion using a special-ordered mix (74% N2-21% O2-5% CO2

Praxair). Hypoxic gas (85% N2-15% O2) was mixed online with a
programmable gas mixer (GSM-3; CWE, Ardmore, PA) and was also
delivered in a similar manner. Verification of successful gas admin-
istration was confirmed in real time by observing ongoing changes in
skin color, as well as breathing and heart rates.

In rats implanted with arterial cannulas, blood samples were col-
lected intermittently throughout the experimental procedures, before,
during, and after hyperoxic or hypercapnic manipulations. Samples
were taken using glass capillary tubes (100 �l; Radiometer and
Medical Automation Systems, Charlottesville, VA,) and analyzed
using a Radiometer blood gas analyzer (either an ABL 825 or ABL 80
Flex; Radiometer and Medical Automation Systems). Important ele-
ments of analysis included gas saturation, partial pressures of oxygen
and carbon dioxide, pH, in addition to hemoglobin count.

Following experimental recordings, 5-s DC current pulses of 0.1 to
1 mA using an isolated constant current pulse generator (model 2100;
A-M Systems) were passed through intracranial electrodes to generate
small lesions at their tips. These lesions allowed for verification of the
recording sites. Rats were perfused transcardially, initially with phys-
iological saline, and then with 4% paraformaldehyde. Brains were
extracted and stored overnight in 30% sucrose in 4% paraformalde-
hyde. Tissue was frozen using compressed CO2 and sliced at 48 �m
using a rotary microtome (Leica 1320 Microtome, Vienna, Austria).
Slices were then mounted on gel-coated slides and allowed to dry for
a minimum of 24 h. Staining was done using thionin, and slides were
coverslipped. Microscopic inspection was used to verify loci. Digital
photomicrographs of the slides were taken with a camera (Canon
Powershot S45, Tokyo, Japan) connected to a Leica DM LB2 (Buf-
falo, NY) microscope and imported to a computer using Canon
Remote Capture 2.7 software (Tokyo, Japan) and processed with
Corel Photopaint (Ottawa, ON, Canada).

Natural sleeping preparation and procedures. Rats were anesthe-
tized with an intraperitoneal injection of a ketamine-xylazine mixture
(100/10 mg/kg). With the use of similar stereotaxic techniques and
coordinates as described for anesthetized preparations, rats were
implanted with bipolar LFP electrodes at the level of frontal and
hippocampal cortices and electrodes were fixed to the skull using
dental acrylic and jeweler’s screws fastened to the skull. Bipolar EMG
electrodes were implanted in neck (for sleep state detection) and
diaphragm muscles (DIA: to monitor inspiratory respiration) (Viczko
et al. 2014). All wires were tunneled under the skin and attached to an
electrical socket (Ginder Scientific) that was fastened surgically be-
tween the shoulder blades. Rats were given an analgesic each day for
2 days after surgery (Metacam, 2 mg/kg; Boehringer Ingelheim) with
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food and water available ad libitum and were maintained on a 12-h
dark-light cycle (lights on at 7:00 AM).

After a 1-wk recovery period, unrestrained rats were habituated to
the whole body rat plethysmograph (Data Sciences International, St.
Paul, MN) for two habituation trials over a span of 2 days, each lasting
3.2 � 0.015 h on average. To perform recordings, following this
habituation period, rats were lightly sedated using gaseous isoflurane
(1%) over ~5 min and connected via the implanted socket to the
recording apparatus through the cover of the plethysmograph and then
placed into the sealed plethysmograph with delivery of normoxic air
(compressed; Praxair) at a rate of 1.5 l/min. Both normoxic and
hyperoxic recordings began at noon each day and took place for an
average period of 5.19 � 0.73 h. Baseline and hyperoxic conditions
were randomly interleaved across days and animals, ensuring all
animals experienced each condition twice and in different orders
across days. Hippocampal and neocortical recordings were amplified
at a gain of 1,000 and filtered from 0.1 Hz to 10 kHz, while
electromyographic recordings were amplified at a gain of 10,000 and
filtered from 300 Hz to 10 kHz using a differential AC amplifier
(model 1700; A-M Systems). All signals were sampled at 2 kHz
following antialiasing filtering and digitized by an analog-digital
converter (Powerlab 16/30 Data Acquisition System; AD Instruments,
Colorado Springs CO), connected to a PC running data acquisition
software (LabChart; AD Instruments). Hyperoxia was achieved by
delivering medical grade oxygen (100%; Praxair) to the plethysmo-
graph intake at similar flow rate. Changes in plethysmograph internal
pressure were concomitantly recorded with EEG and EMG data and
analyzed using LabChart (AD Instruments) and custom-written Mat-
lab (version 9.3; Mathworks, Natick, MA) scripts to determine respi-
ratory rate.

Data processing and analysis. In all cases, raw signals were first
examined visually using AxoScope (Axon Instruments) or LabChart
(AD Instruments). EEG waveforms were subjected to spectrographic
analyses using programs written in Matlab (version 9.3; Mathworks;
Natick, MA) and visualized using Origin (Microcal Software,
Northampton, MA). Power spectrograms (Clement et al. 2008; Whit-
ten et al. 2009) were computed by adopting a sliding windowing
procedure that allowed discrete spectra to be calculated for specific
time points across the entire data segment. Windows were 24 to 30 s
in duration and were moved across the data segment in increments of
6 s. Power spectra were computed for each of these windows via
Welch’s periodogram method using a series of 6-s long, Hanning-
windowed samples with 2-s overlap.

For rats maintained under urethane, the resulting spectrogram
showed prominent and rhythmic alternations within specific band-
widths (~3–4 Hz at hippocampal sites, corresponding to the theta
rhythm and states of forebrain activation, and ~1 Hz at both hip-
pocampal and neocortical sites, corresponding to the slow oscillation
and forebrain deactivation) (Clement et al. 2008; Whitten et al. 2009).
Power across these specific frequency bands was extracted and plotted
as a function of time across the entire data segment and allowed a
precise description of the time points at which the forebrain adopted
activated (REM-like) vs. deactivated (NREM-like) states as well as an
estimate of the degree of activation or deactivation. Specifically,
power at 1 Hz showed large (log-scaled) fluctuations for both hip-
pocampal and neocortical recordings sites, and the 3- to 4-Hz power
of hippocampal LFP traces showed an out-of-phase alternation (see
Fig. 1). Time points at which 1-Hz power was high and 3- to 4-Hz
hippocampal power was low were classified as deactivated, whereas
time points at which 3- to 4-Hz hippocampal power was high and
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Fig. 1. Pure oxygen promoted slow-wave brain states in ure-
thane anesthesia. A: neocortical and hippocampal local field
potential (LFP) traces from a representative experiment show-
ing that alternations between activated [low voltage, fast ac-
tivity in neocortex (nCTX); theta activity in hippocampus
(HPC): see expansions] and deactivated (large amplitude slow-
wave in both nCTX and HPC: see expansions) forebrain states
are abolished upon administration of oxygen. The deactivated
state persists throughout the administration period, and state
alternations reappear following the termination of oxygen. B:
spectrogram of the HPC LFP illustrates the promotion of the
deactivated state (strong signal at slow oscillation frequency
~1 Hz, black dotted line) and the abolition of the activated state
(signal at theta frequency ~3.3 Hz, red dotted line) during oxygen
presentation. C: extracting power for the 1- and 3.3-Hz frequency
bands across time from the spectrogram reveals the promotion of
the deactivated state, which persists for the duration in which the
oxygen is administered. D: plotting the ratio of powers at these 2
bands from the HPC LFP accentuates and clarifies the alternations
of state; a.u., arbitrary units.
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1-Hz power was low were classified as activated. Alternations in
power showed bimodality and threshold values for each frequency
band used could be described by a saddle in the distribution of power
values collapsed across time (Clement et al. 2008; Whitten et al. 2009;
Nazer and Dickson 2009). These threshold values were used to
calculate the time points at which brain state alternations took place
and to compute the amount of time spent in a particular state.

While forebrain spectral characteristics were sufficient to deter-
mine state in urethane-anesthetized rats, EMG characteristics were
also considered for determining state in naturally sleeping rats (Clem-
ent et al. 2008). Across all recordings, behavioral state could be
reliably classified as being awake or asleep and sleep could be further
divided into REM and NREM states. These classifications were based
on observations of the root mean square of EMG and EEG signals as
well as relative spectrographic power in the EEG. High amplitude and
variable EMG together with fast low-voltage EEG in neocortical
regions and high-theta power in hippocampus indicated wakefulness,
while low-amplitude and unchanging EMG together with high-ampli-
tude slow activity in both cortical and hippocampal regions indicated
NREM sleep. REM sleep was characterized by extremely low EMG
together with low-voltage fast activity in neocortex and high-theta
activity in hippocampus. Classifications were made by two trained and
blinded observers who had an initial concordance rate of 85% across
all data. Any discrepancies of state were reviewed by both, and if no
consensus could be made, the time points were discarded. On average
across recordings, only 13.67 � 5.49% of the total recording times
were excluded.

Numerical comparisons across conditions for the anesthetized ex-
periments were made using repeated-measures one-way ANOVAs
with post hoc Bonferroni corrections to compare across the three time
points (baseline, O2 application, post). As there were only two
conditions tested in the natural sleep experiments (normoxia vs.
hyperoxia), comparisons were made using two-tailed pair-wise t-tests.
Furthermore, all means were tested for normality before any compar-
isons using the Kolmogorov-Smirnov test, with none of the means
deviating from normality significantly (the most significant P � 0.2,
not reported). All reported values are means � SE.

Drugs and chemicals. Atropine methyl nitrate, lidocaine hydro-
chloride, thionin, and ethyl carbamate (urethane) were all purchased
from Sigma (St. Louis, MO). Isoflurane and ketamine hydrochloride
were purchased from Bimeda-MTC (Animal Health, Cambridge, ON,
Canada). Xylazine (Rompun) was purchased from Bayer (Missis-
sauga, ON, Canada). Paraformaldehyde was purchased from Fisher
Scientific (Toronto, ON, Canada).

RESULTS

Hyperoxic conditions produced an increase in deactivated
forebrain states in spontaneously alternating rats under ure-
thane anesthesia. Spontaneous and rhythmic alternations of
field (EEG) state were consistently observed in rats maintained
under urethane anesthesia during control conditions (n � 40:
Fig. 1A), similar to what we have observed previously (Clem-
ent et al. 2008; Pagliardini et al. 2013). Brain activity could be
broadly separated into two states: a REM-like activated state,
characterized by low-voltage fast-frequency activity at neocor-
tical sites and a prominent theta (3–4 Hz, average 3.4 � 0.1
Hz) rhythm at hippocampal sites, and a NREM-like deacti-
vated state, characterized by the presence of high-voltage,
slow-frequency (~1 Hz 0.833–1.833 Hz, average 1.2 � 0.1 Hz)
activity at both neocortical and hippocampal sites (Wolansky et
al. 2006). Alternations were prominently visible in the raw
field traces as large amplitude modulations of both neocortical
and hippocampal signals.

Fluctuation of power in neocortex and hippocampus at slow
oscillation and theta frequencies occurred in antiphase to each
other and allowed for a quantification of the degree of deacti-
vation/activation attained at particular time points. Consistent
with our previous studies (Clement et al. 2008), states alter-
nated regularly and showed an average cycle of 10.7 � 0.3 min
(n � 34). Under baseline conditions, rats were spontaneously
breathing room air in which O2 content was 20–21%. In 14 of
our 34 rats, we administered 100% O2 via a tube placed in front
of the nostrils. In all rats tested, and as shown in Figs. 1 and 2,
this application appeared to rapidly (2.6 � 0.5 min) bias fore-
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alternation cycle) spent in the deactivated state duration. Individual data are
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brain state toward the deactivated pattern during the period of
application (62.6 � 6.6 min). Across all rats, the proportion of
time per cycle spent in the deactivated state was significantly
increased (from 42.9 � 2.26% during baseline to 69.3 � 5.4%,
P � 0.0018; Fig. 2). As shown in Fig. 1, and in three additional
rats, spontaneous state alternations were completely abolished
and replaced by a continuous deactivated state as confirmed in
both the raw field traces and spectrographic analysis (Fig. 1B).
However, even among the other 10 animals in which state
alternations were still observed, the proportion of time spent
during the deactivated phase was still significantly increased
(from 45.1 � 2.8% during baseline to 58.4 � 3.6% during
application, P � 0.03). Following termination of 100% O2
administration, the rhythmic alternations between states re-
turned and appeared highly similar to baseline condition (Figs.
1 and 2), although in some cases a rebound effect showing an
enhancement of the activated state appeared to occur.

Since pure O2 delivery has been shown to indirectly alter
blood CO2 levels and produce hormonal and sympathetic
outflow via activation of the hypothalamus, in a subgroup (n �
4) of our treated animals we also tested the application of 95%
O2-5% CO2 (carbogen), which has been shown to normalize
this response (Macey et al. 2007). Interestingly, the effects of
carbogen were indistinguishable from pure O2 (not shown). To
test whether some nonspecific sensory stimulation associated
with air delivery had a similar effect, we compared 100% O2
delivery with a similarly delivered application of compressed
air. This latter manipulation had no discernable effect on state
alternations (not shown).

Hyperoxia via pure O2 delivery also appeared to enhance the
density of the deactivated state since the power values for both
the slow oscillation band and the slow/theta ratio were in-
creased in comparison to baseline recordings. The average
slow-theta ratio in the hippocampus was increased (5.9 � 1.1
before O2 vs. 13.2 � 3.6 during O2, P � 0.02) during O2
administration and returned to baseline in the postapplication
state (4.6 � 0.7 post-O2 vs. 5.9 � 1.1 during baseline, P �
0.12).

In seven O2-treated rats, heart rate and breathing frequency
were monitored across baseline and hyperoxic conditions (Fig.
2). Concomitant with the shift of field activity to deactivated
patterns, there was a significant reduction in respiratory rate
(from 130.92 � 9.31 breaths/min before 100% O2 to 115.63 �
8.55 breaths/min during 100% O2 application; P � 0.012,
one-way ANOVA). Although heart rate dropped slightly from
446.47 � 9.91 before O2 to 436.21 � 14.88 beats/min during
O2 application, this difference was nonsignificant (P � 0.25).
These results are consistent with previous studies of hyperoxic
conditions (Dunai et al. 1996).

To directly asses any significant changes in blood levels of
O2 and CO2 due to hyperoxia, we conducted blood gas anal-
yses before, during, and after O2 administration in 11 rats
implanted with arterial cannula. Throughout baseline periods,
blood gas levels of O2 and CO2 were stable, albeit low in
comparison to unanesthetized rats (Fig. 3), consistent with
previous values for urethane anesthesia (de Wildt et al. 1983).
Not surprisingly, during the application of pure O2, the partial
pressure (from 64.77 � 2.60 mmHg before to 413.97 � 36.24
mmHg during, P � 0.0001, one-way ANOVA) and saturation
(from 86.43 � 2.79 mmHg before to 98.87 � 0.42 mmHg
during, P � 0.0010, one-way ANOVA) of O2 increased mark-

edly (Fig. 3A). As well, the partial pressure of CO2 increased
on average by 7 mmHg (P � 0.0001, one-way ANOVA),
which also corresponded to a slight decrease in blood pH (P �
0.0002, one-way ANOVA) upon administration of O2
(7.38 � 0.017) in comparison with baseline (7.42 � 0.011).

To ensure that the shift in forebrain activity toward the
deactivated state was not a result of the modest increase of
CO2, we conducted experiments where we induced hypercap-
nia through administration of 5% CO2 in inspired air (n � 10;
Fig. 4). In contrast to the results with hyperoxia, applications of
5% CO2 significantly reduced the proportion of time spent in a
deactivated state (P � 0.0199, one-way ANOVA), decreasing
on average from 42.14 � 3.76 to 32.08 � 3.01%; Fig. 5). A
subset of these animals (n � 7) had arterial blood sampled
throughout the experiment. Concomitant with the reduced
proportion of deactivated activity were decreases in blood pH
(from 7.45 � 0.011 to 7.36 � 0.017, P � 0.0001, one-way
ANOVA; Fig. 6) and increases in blood PCO2 (from
39.00 � 1.37 to 53.71 � 2.83 mmHg, P � 0.0001, one-way
ANOVA; Fig. 6). This suggests that it is O2 during hyperoxia
and not any concomitant increase in blood CO2 that is respon-
sible for the shift in forebrain activity toward the deactivated
state.

If increasing O2 concentrations promotes deactivated
(NREM-like) brain states, then we reasoned that decreasing its
concentration might well diminish this state in our model
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system. In five rats we tested the influence of a reduction of O2

(15% O2-85% N2) in inspired gas (Fig. 7). In contrast to
hyperoxia (and similarly to hypercapnia), this moderate hy-
poxic condition significantly reduced the overall proportion of
time spent in the deactivated state (from 51.22 � 8.26 to
20.56 � 8.28%, P � 0.0003, one-way ANOVA; Fig. 8). Fur-
thermore, after returning to a baseline concentration of O2

(21% O2-79% N2), animals spent significantly more time in a
deactivated state (from 20.56 � 8.28 to 88.87 � 3.27%, P �
0.0003, one-way ANOVA; Fig. 8). These results again support
the idea that it is blood levels of O2 that are biasing forebrain
state.

Hyperoxic conditions also increased the proportion of
NREM sleep in naturally sleeping rats. To confirm that hyper-
oxia had similar influences under natural physiological condi-
tions of sleep, we also performed experiments in instrumented
and naturally sleeping rats housed in a plethysmographic ap-
paratus. We made recordings during both normoxic and hy-
peroxic conditions in each animal. Spontaneous alternations
between wakefulness and sleep as well as transitions between
sleep states were observed and characterized during both con-
ditions as were data on ventilation rate (Fig. 9). Across nor-
moxic and hyperoxic conditions (see representative somno-
graphs in Fig. 9C), there was no significant difference in the
proportion of time spent in wakefulness (vs. sleep) using a
pairwise comparison (40.91 � 6.39 vs. 37.99 � 5.31%, for
normoxia and hyperoxia, respectively: n � 6, P � 0.66; Fig.
9D). However, during sleep itself, there was a significant
difference of the proportion of time spent in NREM states
across conditions with 90.56 � 1.56% appearing during nor-
moxia vs. 96.15 � 1.11% (n � 6, P � 0.0028) during
hyperoxia (Fig. 9E). To further validate these results statisti-
cally, we conducted a post hoc power analysis using the
available online software G*Power (Heinrich Heine, Dussel-
dorf, Germany). The power value for our data was 0.89 (n �
6; effect size dz � 1.64), meaning that nearly 9 times out of 10,
we would expect to show a significant difference using the
same number of subjects.

We also assessed whether any differences were observed in
the average epoch length of each state (Fig. 9F). On average,
each wake state lasted 96.6 � 11.71 s (n � 6) under normoxic
conditions, and 65.76 � 10.16 s (n � 6) under hyperoxic
conditions (nonsignificant, P � 0.37). For sleep, the average
epoch duration (including both NREM and REM states) was
206.31 � 38.52 s (n � 6) under normoxic conditions, and was
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189.54 � 35.36 s (n � 6) under hyperoxic conditions (nonsig-
nificant, P � 0.38). During sleep itself, the average NREM
epoch under normoxic conditions lasted 101.83 � 19.77 s (n �
6) while lasting 95.90 � 1.24 s (n � 6) during hyperoxic
conditions (nonsignificant, P � 0.58). However, the average

REM epoch length showed a significant reduction between
normoxic (22.92 � 4.56 s) and hyperoxic (10.17 � 1.74 s)
conditions (n � 6, P � 0.0141).

To determine if there was any change in the density of
NREM sleep, we tracked power in the 0.5–2 Hz range across
oxygen conditions during each epoch of NREM. There was no
difference between normoxia (5.21 � 10�2 � 2.35 � 10�2

dB) and hyperoxia (3.26 � 10�2 � 1.97 � 10�2 dB) in total
power within this slow range (n � 6, P � 0.40). The percent-
age of total power represented by this slow range also did not
change between the normoxic (17.18 � 2.15%) and hyperoxic
(17.48 � 2.50%, n � 6, 0.89) conditions, although the standard
deviation of the 0.5- to 2-Hz bandwidth was reduced from
0.75 � 0.02 during normoxia to 0.72 � 0.02 during hyperoxia
(n � 6, P � 0.0081).

The number of hourly transitions between NREM-REM and
NREM-wake states was compared between normoxic and
hyperoxic conditions within the same animal. Hyperoxia
(16.38 � 2.11) did not lead to any significant differences in
NREM-wake transitions compared with normoxia (12.26 �
1.52, n � 6, P � 0.20). NREM-REM transition analysis
yielded no significant differences between the normoxic and
hyperoxic conditions (9.38 � 1.39 and 6.91 � 1.36, respec-
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tively, n � 6, P � 0.22). Moreover, sigh detection analysis
completed using a custom macro in LabChart (AD Instru-
ments) revealed no significant difference in number of sighs
between normoxic and hyperoxic conditions (22.79 � 2.47 and
18.83 � 1.21, respectively, n � 6, P � 0.11).

The effect of hyperoxia on respiratory rate was also assessed
and compared across the awake, NREM, and REM states (Fig.
9G). While each state showed a decreasing tendency in breath-
ing rate from normoxia to hyperoxia, these differences were
not significant using paired comparisons. During the awake
state, the average respiratory rate changed from an average
value during normoxia of 93.8 � 10.07 to 108.53 � 20.62
breaths/min (n � 6, P � 0.27) during hyperoxia. The average
respiratory rate during the NREM state was nearly identical
between the normoxic (92.71 � 6.9 breaths/min) and hyper-
oxic conditions (91.68 � 6.77 breaths/min; n � 6, P � 0.74).
Similarly, no significant change in respiration was observed
between normoxic (85.70 � 5.29 breaths/min) and hyperoxic
(85.63 � 6.50 breaths/min) conditions during the REM state
(n � 6, P � 0.91).

DISCUSSION

In the present study, we examined the effects of elevated O2

concentrations in respired air on spontaneous forebrain activity
under urethane anesthesia and during natural sleep. We found
that in both cases, hyperoxia promoted time spent in deacti-
vated, slow-wave states. This appears to be due to a direct
effect of oxygen as opposed to hypercapnia since increasing
CO2 in inspired air did not enhance slow-wave states, and
rather, appeared to facilitate activated forebrain states under
urethane. Furthermore, reductions of O2 (in this case substi-
tuted with N2) in inspired air, produced a similar and signifi-
cant promotion of activated states. Our results suggest that the
control of forebrain states is intimately coupled to metabolic
resources. This is consistent with previous research demon-
strating a connection between state and body temperature
(Whitten et al. 2009), as well as with glucose metabolism
(Nofzinger et al. 1997).

Urethane anesthesia and sleep-like brain state alternations.
We have previously shown that under urethane anesthesia rats
show spontaneous, rhythmic brain state alternations that re-
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semble the alternations of REM sleep and NREM sleep (Clem-
ent et al. 2008). More specifically, field potential recordings
from both neocortex and hippocampus show transitions be-
tween an activated pattern comprised of low-power, high-
frequency cortical activity together with rhythmic hippocampal
theta frequency (3–4 Hz) activity vs. a deactivated pattern of
high-amplitude, slow-frequency (~1 Hz) activity at both sites.
Concomitant with these state alternations are peripheral phys-
iological changes of muscle tone, heart rate, temperature, and
respiratory rate, which correspond well to changes observed
across REM and NREM states of natural sleep (Clement et al.
2008; Pagliardini et al. 2012; Whitten et al. 2009). Indeed,
these same alternations are also observed in the urethane-
anesthetized mouse (Pagliardini et al. 2013). With respect to
respiration specifically, dynamics occurring during REM states
in natural sleep such as shorter average respiratory periods with
a greater rate variability, as well as reduced activity in upper
airway (genioglossus) musculature and stabilizing influences
of periods of active expiration (via abdominal muscle activa-
tion), appear to be functionally mirrored in the urethane-
anesthetized rat. As such, the urethane-anesthetized rodent is a
highly tractable model to study central and peripheral dynam-
ics of natural sleep (Pagliardini et al. 2013). Here we further
demonstrated that hyperoxic manipulations enhance the slow-
wave state in both natural sleep and urethane anesthesia.

One notable difference observed in our present data was that
the changes induced by oxygen were much more dramatic in
the urethane-anesthetized as opposed to the naturally sleeping
rat. In fact, these changes in brain state were also apparent
during the rebound periods following the return to normoxic
conditions directly after experimental gas concentration shifts
(hypoxia and hypercapnia). One potential explanation is that
under urethane the blood gas levels of oxygen were lower than
those expected for the unanesthetized preparation. Thus it may
be in the case of the naturally sleeping rat that manipulations of
oxygen do not have such a dramatic effect in terms of either
blood gas or the potential response of the brain.

Another difference apparent between the anesthetized and
naturally sleeping preparations in hyperoxia was the obvious
promotion of the deactivated or NREM-like state under ure-
thane in terms of epoch timing and depth of slow-wave
activity, which was not explicitly observed in the naturally
sleeping rat. Although the total amount of NREM increased as
a result of hyperoxia in the naturally sleeping rat, we found no
change in either the duration of NREM epochs or the depth of
slow-wave activity, although the variance of slow-wave activ-
ity power was higher. This, together with the significant de-
crease in REM epoch duration during hyperoxia, prevents us
from absolutely excluding the possibility that this manipulation
serves to suppress REM in the naturally sleeping rat. It would
be of future interest to test this possibility in REM-sleep
deprived subjects.

Oxygen and brain state. We know of two other reports that
indicate that hyperoxia produces changes in brain state that
may parallel those we show here (Seo et al. 2007; Wu et al.
2014). In healthy human volunteers, supplementation with
35% O2 produced a significant bilateral increase in delta power
with a concomitant significant bilateral decrease in both beta
and gamma power (Seo et al. 2007). However, it was not clear
what behavioral state the participants exhibited during sponta-
neous EEG recordings (and if this changed across sessions) and

no measures of respiratory rate were obtained that might have
also altered EEG spectral characteristics. In another group of
healthy human subjects undergoing “resting state” functional
MRI scans, the delivery of 100% oxygen in respired air was
found to promote coupling in the “default mode network” (Wu
et al. 2014), a collection of bilaterally coupled areas that appear
to show comparatively more activity during baseline periods
(including sleep and anesthesia) as compared with periods of
high cognitive demand (Raichle 2015). However, our results
appear to be the first study to show that hyperoxia biases the
urethane-anesthetized and sleeping brain toward slow-wave
states.

The question remains as to how this effect is mediated.
Hyperoxia, whether at normal or enhanced atmospheric pres-
sures, is known to promote a number of local and global
physiological changes in the brain. While pathological re-
sponses (O2 toxicity) and reactive oxidative responses are
certainly possibilities with hyperoxia, these tend to occur
during hyperbaric and/or very long-term exposures (Ambrosio
and Tritto 1999; Gutsaeva et al. 2005; Turanlahti et al. 2000).
Another potential mechanistic avenue would be through alter-
ations in breathing rate, which could either directly or indi-
rectly affect brain state (Berssenbrugge et al. 1983; Colrain et
al. 1987; Desai et al. 2015; Pack et al. 1992; Tsanov et al. 2014;
Yackle et al. 2017). For example, Macey et al. (2007) showed
that medical O2 delivered to children causes a paradoxical
increase in ventilation, which significantly lowers blood gas
levels of CO2. This hypocapnic response promotes limbic and
hypothalamic activation that results in both hormonal and
sympathetic outflow (Macey et al. 2007). Although it is highly
likely that this constellation of physiological events would
ultimately affect global brain state, in our experiments the
changes in both respiratory rate and blood CO2 were in the
opposite directions (decreased and increased, respectively) to
those reported. As well, we still saw parallel changes in state
alternations biasing the slow-wave state even when delivering
carbogen which was shown to normalize blood CO2 levels and
prevent limbic and hypothalamic activation (Macey et al.
2007).

Given the increase in blood CO2 that we showed, the
possibility exists that the forebrain effects of hyperoxic stim-
ulation occur via CO2 sensing and are not due to increased O2
per se. This is unlikely since increasing the proportion of CO2
in breathed air (which would also generate hypercapnia),
produced the opposite results with respect to brain state as did
hypoxic stimulation. Indeed, hypoxia in naturally sleeping rats
has been observed to suppress slow-wave sleep (Pappenheimer
1977). In the same study, this author also showed that hyper-
capnia by itself, or in combination with hypoxic stimulation,
had little effect on slow-wave sleep. Together with our results,
and those of others (Hamrahi et al. 2001; Huertas and McMil-
lin 1968), it is tempting to suggest that brain state during
unconsciousness is acutely dependent on circulating oxygen
levels, being pushed into slow-wave states during an abun-
dance of oxygen, while becoming more activated during hy-
poxic states.

Hyperoxia is also known to induce changes in cerebral blood
flow that can be ascribed to both direct and indirect effects of
increased oxygen (Bergø and Tyssebotn 1995; Bew et al. 1994;
Busija et al. 1980; Floyd et al. 2003; Kety and Schmidt 1948;
Watson et al. 2000). One might assume that alterations of
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cerebral blood flow could also change the state of the brain
given that sleep states are intimately related to alterations in
global brain metabolism as measured by changes in blood
supply as shown in both PET and functional MRI studies
(Maquet 1995). It is interesting to note, however, that many of
the original PET studies of sleep and sleep-state changes
showed that while the descent into sleep typically involved a
decrease in both general and localized cerebral blood flow in
the forebrain, that changes in state within sleep and from sleep
back into wakefulness often showed no or even paradoxical
changes in both global or local blood flow (Bangash et al.
2008; Braun et al. 1997; Hajak et al. 1994; Hofle et al. 1997).
This would seem to suggest that, although generally well
correlated, measures of electrical brain state and cerebral blood
flow can show some uncoupling and independence.

Another potential and more direct way in which an abun-
dance of blood oxygen might influence brain function is
through encouraging cellular oxidative metabolism in the cen-
tral nervous system. Astrocytes are well-known interfaces
between the brain’s blood supply and neurons themselves
(Pellerin and Magistretti 2012). They are also known to play an
important role in regulating the slow oscillation that charac-
terizes deep anesthetic and slow-wave sleep states (Fellin et al.
2009) as well as regulating sleep homeostasis through the
release of adenosine (Halassa et al. 2009; Haydon 2017). High
levels of O2 would be expected to promote astrocytic glyco-
lytic pathways that might ultimately increase glial release
mechanisms of a variety of substrates (including lactate and
adenosine) that could affect neuronal function via the extracel-
lular medium (Frank 2013). Indeed, extracellular lactate levels
vary with sleep state, rising during REM and slowly decaying
during slow-wave sleep (Wisor et al. 2013). Thus, lactate itself
might play a direct role in promoting specific stages like
slow-wave sleep. It remains to be determined, however, if
extracellular lactate levels rise following hyperoxia or if lactate
itself might promote slow-wave states. From clinical work in
brain injured patients, oxidative metabolism is indeed aug-
mented with exposure to medical oxygen (Ghosh et al. 2017),
although it remains to be seen if this also occurs in the healthy
brain.

Conclusion. The findings of the present study suggest that
O2 has a role in modulating the occurrence and depth of brain
state alternations that occur in both urethane anesthesia and
natural sleep. These findings suggest that the brain is acutely
sensitive to both increases and decreases of blood O2 and may
modulate its state according to metabolic availability. These
results have obvious implications for neurophysiological stud-
ies that may require O2 administration. It will be of further
interest to understand by what exact mechanism this occurs.
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