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Both mammals and birds exhibit two sleep states, slow wave sleep (SWS) and rapid eye
movement (REM) sleep. Studying certain aspects of sleep-related electrophysiology in
freely behaving animals can present numerous methodological constraints, particularly
when even fine body movements interfere with electrophysiological signals. Interestingly,
under light general anesthesia, mammals and birds also exhibit slow waves similar
to those observed during natural SWS. For these reasons, slow waves occurring
under general anesthesia are commonly used in the investigation of sleep-related
neurophysiology. However, how spectral properties of slow waves induced by
anesthesia correspond to those occurring during natural SWS in birds has yet to be
investigated systematically. In this study, we systematically analyzed spectral properties
of electroencephalographic (EEG) patterns of pigeons (Columba livia) occurring under
two commonly used anesthetics, isoflurane and urethane. These data were compared
with EEG patterns during natural sleep. Slow waves occurring during spontaneous
SWS, and those induced with isoflurane and urethane all showed greatest absolute
power in the slowest frequencies (<3 Hz). Isoflurane and urethane-induced slow
waves had near-identical power spectra, and both had higher mean power than
that observed during SWS for all frequencies examined (0–25 Hz). Interestingly, burst
suppression EEG activity observed under deeper planes of isoflurane anesthesia could
occur bihemispherically or unihemispherically. Electrophysiological patterns while under
isoflurane and urethane share phenomenological and spectral similarities to those
occurring during SWS, notably the generation of high amplitude, slow waves, and peak
low-frequency power. These results build upon other studies which suggest that some
anesthetics exert their effects by acting on natural sleep pathways. As such, anesthesiainduced slow waves appear to provide an acceptable model for researchers interested in
investigating sleep-related slow waves utilizing electrophysiological methods not suitable
for use in freely behaving birds.
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its effect by acting on the same neuronal networks that initiate
natural sleep. In addition, isoflurane may exert those effects in a
conserved manner, from flies to mammals.
Under isoflurane, periods of EEG slow waves alternate
with periods of isoelectric EEG patterns, which become longer
and more frequent under higher levels of isoflurane (Kroeger
and Amzica, 2007). Conversely, at low doses of isoflurane,
suppression periods are nearly abolished, with the EEG being
characterized by nearly continuous slow waves. These alternating
EEG patterns have been termed burst suppression (Kroeger
and Amzica, 2007). Burst suppression is also induced by other
anesthetics, including ketamine-xylazine (Coenen et al., 2008).
Another anesthetic of particular interest for sleep researchers
is urethane. Urethane anesthesia has been shown to induce
alternating brainwave patterns resembling the SWS/REM sleep
cycling that occurs during natural sleep in mammals (Clement
et al., 2008). Brainwave patterns alternate between high
amplitude, low frequency slow waves, and EEG activation
occurring in conjunction with reduced nuchal muscle tone,
and phasic eye and limb movements (Clement et al., 2008).
The potential ability to induce a REM sleep-like state is
unique to urethane among anesthetics, and is of particular
interest to researchers studying REM sleep-related behaviors and
neurophysiology.
Birds are of obvious interest for comparative studies given
the presence of similar sleep states in both birds and mammals,
and the absence of unequivocal evidence for similar sleep
states in other phylogenetic groups (Libourel and Herrel, 2016;
Shein-Idelson et al., 2016; Tisdale et al., 2018). Relatively
few studies have investigated EEG patterns under isoflurane
or urethane anesthesia in phylogenetic groups outside of
mammals (Ookawa, 1967; Shibata and Kadono, 1970; Beckers
et al., 2014; Tisdale et al., 2018). Under isoflurane anesthesia,
zebra finches (Taeniopygia guttata) exhibit high amplitude,
low frequency slow waves similar in form to those occurring
during natural SWS (Beckers et al., 2014). In addition,
brainwave patterns in isoflurane anesthetized zebra finches
(Beckers et al., 2014) and halothane anesthetized chickens
(Gallus gallus domesticus) (McIlhone et al., 2018) showed
similar dose-dependent burst suppression patterns to those
observed in anesthetized mammals. Finally, recordings from the
hyperpallium of chickens anesthetized with urethane revealed
periods of EEG slow waves, intermittently interrupted by
periods of activation, which were associated with reduced neck
muscle tone and heart rate, similar to the cyclic patterns
observed in mammals, suggesting that urethane may be
capable of inducing a similar REM sleep-like state in birds
(Shibata and Kadono, 1970). Although these few studies suggest
that birds respond similarly to mammals to anesthetics, the
spectral properties of anesthetic-induced states have not been
systematically compared to those occurring during natural
sleep.
Here, we systematically evaluated anesthetic regiments
commonly used in the study of sleep-related brain rhythms
in mammals, in pigeons (Columba livia), a species often used
in laboratory-based research. The spectral properties of brain
rhythms occurring under isoflurane and urethane anesthesia

INTRODUCTION
Sleep remains one of the great mysteries in the study of
neuroscience. All animals studied have been found to sleep (Nath
et al., 2017; Omond et al., 2017) and most spend a relatively large
amount of time sleeping (Lesku et al., 2008), suggesting that sleep
serves important functions. In spite of sleep’s conspicuous and
ubiquitous presence across the animal kingdom, relatively little is
known about the mechanisms underlying the generation of the
brain rhythms associated with sleep outside of mammals.
The presence of two distinct sleep sub-states, slow wave
sleep (SWS) and rapid eye movement (REM) sleep, in
both mammals and birds suggests that sleep might serve
multiple functions (Vyazovskiy and Delogu, 2014). In both
mammals and birds, SWS is associated with stereotyped
changes in electrophysiological data, notably the presence of
high amplitude, low frequency (slow) waves in the forebrain
electroencephalogram (EEG), typically characterized as 0.5–4 Hz
power density (Steriade et al., 1993a,b,c; Rattenborg et al., 2011;
Lesku and Rattenborg, 2014). REM sleep on the other hand is
characterized by low amplitude, high frequency EEG activity
similar to the patterns seen during wakefulness, occurring in
conjunction with a number of behaviors, including closure of
the eyes, head dropping resulting from reduced muscle tone,
myoclonic twitches, and rapid eye movements (Dewasmes et al.,
1985; Siegel, 2016).
Studying electrophysiology during natural sleep in animals
presents certain experimental and technological constraints.
The ability to pharmacologically induce the brain rhythms
normally associated with sleep states is of great interest
for electrophysiologists. Interestingly, a number of anesthetics
induce brain rhythms similar to those observed during natural
sleep in mammals, and are thus a frequently used model for the
study of sleep-related brain rhythms (Steriade et al., 1993a,b,c;
Amzica and Steriade, 1995; Chauvette et al., 2011; Beckers et al.,
2014; Van Der Meij et al., 2015; Tisdale et al., 2018). Studies under
anesthesia allow the use of recording methods not suitable for
use in naturally sleeping animals, such as intracellular recordings
of neuronal membrane potentials. However, in contrast to
mammals, little is known about how anesthesia-induced states
compare to natural sleep in birds.
Isoflurane, and other halogenated inhalant anesthetics, are
commonly used to study sleep-related electrophysiology (Gugino
et al., 2001; Mohajerani et al., 2010, 2013). Isofluraneanesthetized mammals exhibit EEG slow waves, which share
numerous attributes with naturally occurring SWS-related EEG
slow waves. Following sleep deprivation, isoflurane anesthesia
relieves homeostatic pressure for SWS as if natural sleep had
occurred (Nelson et al., 2010). Isoflurane causes an increase in
neuronal discharge in the ventrolateral preoptic nucleus of the
hypothalamus, a key sleep-promoting region involved in the
generation of natural sleep (Moore et al., 2012). Isoflurane has
also recently been demonstrated to activate sleep centers in the
fly brain (Kottler et al., 2013; Cohen et al., 2016; Zalucki and van
Swinderen, 2016). This all suggests that not only do isofluraneinduced slow waves perform similar functional processes to
naturally occurring slow waves, but also that isoflurane may exert
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vaporized in 1.0 LPM O2 ) by testing pedal reflex response. If the
bird showed signs of arousing (eye opening, postural changes),
the level of isoflurane was acutely increased to 3–4%, followed by
subsequent reductions in isoflurane concentration.

were compared to the spectral properties of naturally occurring
SWS recorded from freely behaving birds.

MATERIALS AND METHODS

Urethane Recordings
Implant Procedure

Four unipolar EEG derivations referenced to the cerebellum
were recorded at 200 Hz using a tethered recording system
(Embla N7000, Embla, Broomfield, CO, United States) in four
pigeons anesthetized with urethane. Anesthesia was induced
using isoflurane (5% vaporized in 1.0 LPM O2 ). The recording
tether was connected once a surgical plane of anesthetic was
reached. An intravenous (n = 3) or intraosseous (n = 1) access
catheter was inserted into the right basilic vein or right femur,
respectively. Once vascular access was established, isoflurane was
discontinued and an initial dose of urethane was administered
to each pigeon (0.1, 1.0, or 1.5 ml), followed by variable
increments every 15–25 min for the duration of the multi-hour
recording session. Final dosages of urethane did not exceed
3 ml. The pigeons were closely filmed throughout the urethane
recordings to later scrutinize for the presence of eye movements.
Following the recording session, isoflurane was re-administered
(5% vaporized in 1.0 LPM O2 ) until the birds were deeply
anesthetized, at which time they were euthanized by severing the
spinal cord.

Anesthesia was induced using isoflurane (5% vaporized in
1.0 LPM O2 ) and a surgical plane was maintained using a
lower dose (1.5–2.0% vaporized in 1.0 LPM O2 ). To detect
sleep-related changes in brain activity, four EEG electrodes
were implanted epidurally along a single row: two electrodes
over each hemisphere, with two over the mesopallium, and
two over the hyperpallium. As with other avian species, the
hyperpallium could be seen through the cranium facilitating
electrode placement. Hyperpallial electrodes were placed 2.0 mm
to either side of the midline, while mesopallial electrodes
were place 4.0 mm to either side of the midline. Recording
electrodes were referenced to an electrode placed on the
cerebellum. The electrodes were attached to a connector mounted
on the bird’s head with dental acrylic. The pigeons were
allowed at least 1-week post-operative recovery before recordings
commenced.

Natural Sleep Recordings
Pigeons (n = 7) were housed individually in enclosures measuring
79 cm length × 60 cm width × 60 cm height with a mesh
window allowing ventilation. The back wall of the enclosure
was composed of translucent Plexiglas and lights were mounted
on the outside of this wall (400–500 lux at head level in
the center of the box). Lights were maintained on a 12 h
light/12 h dark photoperiod. A low, circular perch was provided
in the center of the enclosure. Infrared sensitive cameras
were placed in each corner and an infrared light source
(940 nm) was mounted on the ceiling in the middle of the
enclosure. The bird’s head plug was tethered to a ceilingmounted commutator (Plastics One, Inc.1 ). Following at least
1-week of habituation to these recording conditions, baseline
recordings were carried out, commencing at lights off and lasted
the entirety of the 12 h night. Four unipolar EEG derivations
referenced to the cerebellum were recorded at 200 Hz using
a tethered recording system (Embla A10, Embla, Broomfield,
CO, United States; data previously published in Lesku et al.,
2011).

Animal Ethics Approval
Isoflurane and urethane recordings were carried out in
accordance with the recommendations of the La Trobe
University Animal Ethics Committee. These protocols were
approved by the Animal Ethics Committee at La Trobe
University. Methods for the natural sleep recordings were
approved by the Government of Upper Bavaria (Germany) and
adhered to the NIH standards regarding the care and use of
animals in research.

Data Analyses
Scoring
Natural sleep was scored in 4 s epochs for the presence or absence
of SWS. An epoch was categorized as SWS when it showed
high amplitude, slow waves along with behavioral inactivity, as
verified by inspection of video recordings. Isoflurane EEG data
was scored in 2 s epochs for the presence of slow waves, or a mixed
epoch in which an isoelectric EEG made up more than 0.5 s,
but less than 1.0 s, of the epoch. Epochs lacking slow waves, and
mixed epochs, were excluded from all analyses. A shorter epoch
duration was used for scoring the isoflurane data since periods
of suppression under isoflurane were short in duration. Under
urethane anesthesia, at all dosages, the presence of slow waves
was constant, thus scoring was not necessary. For the purposes of
the multi-taper spectral analyses (see below), urethane data was
analyzed using 2 s epochs.

Isoflurane Recordings
Four unipolar EEG derivations referenced to the cerebellum were
recorded at 200 Hz using a tethered recording system (Embla
N7000, Embla, Broomfield, CO, United States) for seven (other)
birds anesthetized with isoflurane. Anesthesia was induced using
isoflurane (5% vaporized in 1.0 LPM O2 ). Once a loss of
consciousness was achieved, the level of isoflurane was lowered
to 4% and a recording tether was attached to the bird, and the
isoflurane level was then further lowered to 1.5%. Anesthesia
depth was monitored and maintained at a low level (0.9–1.5%
1

Power Analysis
Power analyses were carried out on all EEG recordings
for quantitative comparison. Spectral power density was
calculated following a multi-taper approach (Thomson, 1982;

www.plastics1.com
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FIGURE 1 | Representative EEG patterns from the right hemisphere during (A) natural slow wave sleep, (B) isoflurane, and (C) urethane anesthesia. High-pass filter
set at 0.5 Hz; low-pass filter at 25 Hz. Horizontal bars below traces correspond to 3 s of EEG (total trace duration is 30 s). Vertical bars to the right represent voltage
scale. Isoflurane and urethane examples are scaled the same, whereas the slow wave sleep example is scaled 2.5× that of the anesthetic traces.

Prerau et al., 2017), using the ‘multi_taper_psd’ function of the
Python (version 3.6) Nitime toolbox (version 0.72 ) with a
bandwidth parameter of 2 Hz and 2 s epochs (window size 400
samples). Paired, two-tailed t-tests were performed comparing
frequency bins for each recording channel among natural sleep,
isoflurane, and urethane data.

Python 3 (version 3.6.4), using Welch’s method based on
Hann windows of 200 samples, and 100 samples overlap.
Coherence values were calculated between brain regions within
a hemisphere (e.g., between the hyperpallia and mesopallia
within the left hemisphere) and between corresponding regions
across hemispheres (e.g., between the left and right mesopallia).
Coherence was averaged for frequency bins from 0.5 to
4.5 Hz. For anesthetized recordings, coherence was calculated
for periods containing only slow waves. For natural sleep
recordings, coherence was calculated for all nighttime SWS
events. Coherence values for each channel comparison were
compared using paired, two-tailed t-tests.
The raw data supporting the conclusions of this manuscript
will be made available by the authors, without undue reservation,
to any qualified researcher.

Interhemispheric Asymmetry Analysis
During the scoring of isoflurane signals, burst suppression
was observed to occur both bihemispherically and
unihemispherically. Consequently, an interhemispheric
asymmetry index (L−R/L+R; L and R = 0.78–3.90 Hz power
density for the left and right hemisphere of each brain region,
respectively; following Rattenborg et al., 2016) was calculated
for all isoflurane recordings. Briefly, EEG data were fast
Fourier transformed in 0.78 Hz bins, applied to Hammingwindowed data, using REMLogic 3.4 (Embla, Broomfield, CO,
United States). General linear mixed-effects models were fitted
for each variable using Systat (SYSTAT 13.2; Systat Software,
Inc.). Models were structured with bird identity as a random
factor, isoflurane level as a fixed factor, and the asymmetry index
value (arcsine square root transformed to meet the assumptions
underlying the mixed model) as the dependent variable.

RESULTS
Slow waves occurring during natural SWS were visually similar to
slow waves occurring under isoflurane and urethane (Figure 1).
However, slow wave amplitude was higher under both anesthetics
than during SWS. Next, we proceed by comparing power spectra
of SWS to that of isoflurane- and urethane-induced brain activity,
followed by a direct comparison of the two anesthetics.
Power associated with SWS, isoflurane, and urethane was
concentrated < 3 Hz, and then declined (Figure 2). Despite this
broad similarity, spectral differences were evident. Peak power
under isoflurane and urethane occurred 1–1.5 Hz, but 2–2.5 Hz

Coherence
Average coherence values were calculated using the coherence
function in the scipy computing package (version 1.0.0) in
2

http://nipy.org/nitime/
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FIGURE 2 | Comparison of mean absolute power for the left and right mesopallia and hyperpallia during natural slow wave sleep (SWS) (blue), isoflurane (red), and
urethane (green). Shading reflects confidence intervals. Squares at the bottom of each panel denote statistically significant differences (between 0.5 Hz frequency
bins) between recordings. Colored squares in the center of the figure reflect the specific statistical comparisons; i.e., the top row compares SWS to isoflurane,
followed by slow wave sleep to urethane, and lastly isoflurane and urethane.

for SWS. Further, power during SWS was consistently lower,
across all frequencies and brain regions examined, than under
isoflurane. Similarly, SWS-related power was lower than that
of urethane for all frequencies examined in the mesopallium.
A similar pattern was observed in the hyperpallium; however,
significance was more intermittent, perhaps owing to increased
hyperpallial variability under urethane. These mean reductions
in power can also be visualized with multi-taper spectrograms
(Figure 3). In contrast to these differences between SWS, and
isoflurane and urethane, these two anesthetics were more similar
to one another than either was to natural sleep. EEG power under
isoflurane and urethane was not significantly different for any
frequency bin, of any brain region, with a minor exception of
24–25 Hz activity in the right mesopallium.

Frontiers in Neuroscience | www.frontiersin.org

Interhemispheric Asymmetry
Burst suppression occurred both bi- and unihemispherically
under isoflurane anesthesia (Figure 4A). Interhemispheric
asymmetry indices were calculated for each corresponding
channel pair to look for local differences in asymmetry.
Interestingly, asymmetry index values significantly decreased in
the hyperpallium as isoflurane levels increased, while asymmetry
in the mesopallium showed the opposite trend (Figure 4B).

Coherence
Coherence analyses look at the similarity between two signals
(e.g., the wave forms recorded from left and right hyperpallium or
left hyper- and mesopallia). This type of analysis has the potential
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FIGURE 3 | Representative multi-taper spectrograms from the right hyperpallia for 1 h of sleep, isoflurane, and urethane. Different colors reflect different power
values, with reds denoting the highest power, and blues, the lowest. White vertical bars in the isoflurane and urethane panels reflect omitted data arising from
experimenter-induced artifacts. Data from the same individual pigeon is shown for the isoflurane and urethane spectra.

to reveal functional connectivity between brain regions by
examining correlations among signals as a function of frequency.
The coherence analysis was restricted to the 0.5–4.5 Hz frequency
band to focus on the coherence of EEG slow waves. Average
coherence was calculated over burst periods for isoflurane
recordings, and over the entire recording period for urethane
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recordings. For natural sleep recordings, average coherence was
calculated for periods of artifact-free SWS. Intrahemispheric
coherence was similar in the left hemisphere for SWS, isoflurane,
and urethane (Table 1). Intrahemispheric coherence between
the hyperpallium and mesopallium in the right hemisphere was
similar between SWS and urethane, as well as between SWS and

6
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FIGURE 4 | Asymmetric burst suppression under isoflurane. (A) Example of unihemispheric and bihemispheric suppression occurring under isoflurane. Suppression
periods are highlighted by transparent gray rectangles. EEG channels are high-pass filtered at 0.5 Hz, low-pass filtered at 25 Hz, and scaled similarly. Traces are
30 s; the horizonal bar corresponds to 3 s of EEG. Vertical bars to the right represent 500 µV of EEG amplitude. (B) Plots of mean interhemispheric asymmetry index
values per isoflurane level for the mesopallium and hyperpallium. Each datum represents the average asymmetry index value for a given period sample at the
indicated isoflurane level.

isoflurane. Interhemispheric coherence was also similar between
hyperpallial recording sites between SWS, and isoflurane and
urethane. Interhemispheric coherence was significantly different
between mesopallial recording sites between SWS and urethane,
and tended to be higher under isoflurane.

power density was elevated under anesthesia when compared
to SWS for all frequencies examined. This elevation, together
with the concentration of power in the slowest frequencies
under anesthesia, could indicate that these anesthetics are acting
on components of sleep-promoting pathways that contribute
to lower frequency signals. Accordingly, isoflurane acts on
pathways involved in the generation of natural sleep in mammals
(Moore et al., 2012) and flies (Cohen et al., 2016; Zalucki and
van Swinderen, 2016), and the slow waves induced by isoflurane
appear to relieve the need for SWS as if spontaneous SWS
had occurred (Nelson et al., 2010). Interestingly, however,
under ketamine-xylazine, cats exhibit lower power in lower
frequency ranges (0.1–4 Hz and 8–14 Hz) as compared to
SWS (Chauvette et al., 2011). Additional studies are needed to
determine whether the differences in power spectra observed in
cats under ketamine-xylazine, and pigeons under isoflurane and
urethane, are due to the use of different anesthetics, or to the
species examined.

DISCUSSION
Spectral Comparison of SWS and
Anesthesia
The spectral properties of electrophysiological patterns in
anesthetized birds had not previously been investigated
systematically. In this study, we investigated the spectral
properties of slow waves occurring under both isoflurane and
urethane, for comparison with those during SWS. In all recording
conditions, the brain generated high amplitude, slow waves,
associated with peak power density below 3 Hz. Nonetheless,
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TABLE 1 | Summary of intra- and interhemispheric coherence values for various recording conditions.
Left

Right

Interhemispheric

Interhemispheric

intrahemispheric

intrahemispheric

hyperpallium

mesopallium

Isoflurane

0.66 ± 0.02

0.71 ± 0.05

0.13 ± 0.03

0.08 ± 0.03

Urethane

0.73 ± 0.06

0.72 ± 0.08

0.20 ± 0.05

0.04 ± 0.01∗

SWS

0.62 ± 0.04

0.61 ± 0.05

0.12 ± 0.03

0.01 ± 0.003

Recording conditions are indicated in the first column; sites being compared are indicated along the top row.

< 0.01.

together, these studies suggest that the absence, or evolutionary
reduction, of the corpus callosum may allow the induction of
asymmetrical burst suppression under anesthesia, whereas the
ability to engage in unihemispheric sleep appears to be the result
of further mechanistic or structural differences.

Interestingly, coherence varied between brain hemispheres
in pigeons. Interhemispheric coherence between mesopallial
recording sites was higher under urethane anesthesia, and
showed a trend for higher coherence for burst periods
under isoflurane anesthesia compared to SWS. Meanwhile,
interhemispheric coherence did not vary between hyperpallial
recording sites for either anesthetic. In mammals, anestheticinduced states are generally associated with higher coherence of
brainwaves in the 0.1–4 Hz frequency range (Chauvette et al.,
2011). Interhemispheric asymmetry also showed variability in
response to differing doses of isoflurane between the mesopallium
and hyperpallium. The cause and significance of these differences
are unclear. It is also unclear why brainwave patterns under
anesthesia didn’t show increased synchrony, as observed in
mammals. Perhaps differences in interconnectivity (Shanahan
et al., 2013), functional lateralization of the avian brain (Rogers,
1980, 2008), and/or absence of a corpus callosum (Cuénod, 1974)
could affect the synchrony of brainwave patterns in birds, and
thus account for the variation in coherence and interhemispheric
asymmetry between brain regions, and between mammals and
birds.

Urethane-Induced SWS/REM Sleep
Cycling in Birds?
Rats anesthetized with urethane show cyclic EEG patterns,
similar to the cycling between SWS and REM sleep that occurs
during natural sleep (Clement et al., 2008). Under urethane
anesthesia, chickens cycle in a similar manner between periods
with EEG slow waves and periods with EEG activation in
conjunction with eye movements suggestive of REM sleep
(Shibata and Kadono, 1970). However, neither the cyclic EEG
pattern nor REM sleep behaviors were observed under urethane
anesthesia in the pigeons in our study, even though the dose
was the same as that used in chickens (Shibata and Kadono,
1970). It is unclear whether or not this is due to methodological
differences (such as the rate at which the dose was administered)
or differences in sensitivity to urethane between chickens and
pigeons. In our study, urethane was administered in increasing
amounts, whereas it was administered in one large dose at
the beginning of the recordings in chickens. This difference
should be investigated further, as pigeons are a commonly
used bird in laboratory-based studies, and the ability to induce
both SWS and REM sleep with an anesthetic would be of
value to those interested in certain aspects of REM sleep
neurophysiology.

Interhemispheric Asymmetry Under
Isoflurane Anesthesia
Periods of suppression under isoflurane occurred both
bihemispherically and unihemispherically. Birds also engage
in unihemispheric SWS, however, the anatomical correlates
allowing the two hemispheres to sleep independently remain
unclear (Ball et al., 1986; Rattenborg et al., 1999, 2000; Fuchs
et al., 2009; Rattenborg et al., 2016). Birds lack a corpus
callosum (Cuénod, 1974), a structure connecting the cerebral
hemispheres in eutherian mammals, which acts as the main
route of interhemispheric communication. Interestingly, similar
asymmetrical suppression patterns have been described in
humans lacking a corpus callosum when anesthetized with
pentobarbital (Lazar et al., 1999). In addition, EEG coherence
is reduced between homologous regions of each hemisphere in
humans lacking a corpus callosum (Kuks et al., 1987; Nielsen
et al., 1993), and following the sagittal transection of the corpus
callosum in other mammals (Berlucchi, 1966; Michel, 1972;
Montplaisir et al., 1990; Mohajerani et al., 2010). Nevertheless,
sleep in acallosal mammals still occurs bihemispherically
(Vyazovskiy and Tobler, 2005). Furthermore, dolphins, which
have a corpus callosum, albeit of a greatly diminished size
(Ridgway, 1986; Tarpley and Ridgway, 1994; Lyamin et al.,
2008), sleep unihemispherically and exhibit asymmetrical burst
suppression under anesthesia (Howard et al., 2006). Taken
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Future Directions
Further investigation of anesthetic-induced states and the
pathways by which they exert their effects in birds could
shed light on natural sleep-promoting pathways in birds.
Furthermore, studies comparing various attributes of slow
waves during natural SWS to those occurring under anesthesia
in birds will be important to give greater substantiation for
the use of anesthetic-induced slow waves as a model for
aspects of slow waves occurring during natural SWS. Also,
the absence of urethane-induced SWS/REM sleep cycling
observed in this study should be further investigated to
determine if this is due to methodological differences or
a true difference in the pigeon’s response to urethane.
The presence of asymmetric burst suppression in the EEG
under isoflurane underscores the ability of the avian brain
hemispheres to function independently of one another during
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sleep and wakefulness (Ball et al., 1986; Rattenborg et al., 1999,
2000, 2016; Fuchs et al., 2009). It would be of interest to
study interhemispheric coherence of isoflurane-induced burst
suppression periods in other birds, as well as mammals lacking
a corpus callosum, such as marsupials and monotremes (Suárez
et al., 2017).
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aspects of slow wave sleep.
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